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11. GENERAL INTRODUCTION
Coastal regions are among the most sensitive environments to climate change (IPCC, 2007).
From the intertidal zones to the continental shelf break, coastal ecosystems and terrestrial seas
provide $14 trillion annually through fisheries, mineral deposits and commercial and recre-
ational opportunity across the globe (Costanza et al., 1997). In addition to these economic
assets, coastal regions are critical for nutrient cycling (Howarth, 1988), waste treatment and
flood control and prevention (Scavia et al., 2002). Recent climate change has already triggered
measurable responses in the biosphere (Orr et al., 2005), but the magnitude of these recent
shifts is only a small fraction of that predicted for changes in coming centuries (IPCC, 2007).
As a result, marine ecosystems are at an unprecedented risk for degradation, a possibility
with far-reaching consequences for human health and welfare (Harley et al., 2006). Though
coastal vulnerability to climate change is well documented (Murray et al., 1998; Smith et al.,
1999; Moline et al., 2004), few coastal regions around the world have long-term monitoring
records of oceanographic conditions and patterns of variability (Harley et al., 2006). This lack
of knowledge makes it difficult to establish baseline climate conditions for coastal regions, lim-
iting efforts to discriminate between natural cycles of variability and abnormal climate trends
(Jones and Phillips, 2011). Uncertainty about natural variability can be reduced by extending
the coverage of available records beyond the instrumental period, placing current observations
into a longer historical context (Mann and Jones, 2003). To do this, climate science relies on
proxy records: from air bubbles trapped ice sheets (Petit et al., 1999) to volcanic ash layers
preserved for millennia between strata (Vucetich and Pullar, 1969), to growth sequences stored
within tree ring sequences (Douglass, 1909, 1941), researchers have capitalized on the features of
these natural relics by converting them into quantitative analyses of environmental conditions
in the past (Mann et al., 1999; Crowley, 2000; Cronin, 2009; Overpeck et al., 1997). Proxies
2are often used to reconstruct past climate conditions using a transfer function (Mann et al.,
1998). A transfer function converts proxy data to levels of a climate variable by quantifying
the relationship between the proxy and its environment. This relationship is established using
known physical relationships and empirical data (overlapping measurements of instrumental
and proxy data) (IPCC, 2007). Proxy reconstructions are by definition, indirect, and rarely do
they provide the precision or accuracy of a true instrumental record. But as the only method
for constraining pre-instrumental climate conditions and testing climate model performance,
these reconstructions provide a handle on the natural relationships and patterns of variability
that dictate the operation of the climate system (Jones et al., 2009).
Valuable proxy archives contain evidence of climate variability, span a wide geographical
range and exhibit variable growth or deposition rates in response to changing environmental
conditions. Tree ring records are widely used proxies that exhibit all of these characteristics.
Trees thrive across a range of latitudes and individuals contain a growth record which gives
scientists a way to assign absolute ages (Douglass, 1909). Long individual lifespans mean few
trees are needed to create extensive reconstructions. Most importantly, variations in tree ring
widths are caused by variations in temperature and moisture availability, giving information
about past climate (Douglass, 1941; Briffa, 2000). The validity of tree rings as climate proxies
has been repeatedly demonstrated with the development of chronologies (dendrochronology)
over a wide spatial and temporal range (Fritts et al., 1979; Cook, 2004). The availability of
tree ring records has also contributed to a disparity in the volume of proxy data between the
terrestrial and marine environments (IPCC, 2007). High quality climate reconstructions in the
ocean are greatly outnumbered by terrestrial proxy records which limits scientific understand-
ing of ocean variability and its role in climate (IPCC, 2007). Identifying a marine archive with
growth structures and spatial coverage similar to that of trees became necessary to improve
the balance between land- and ocean-based proxy data.
Some tropical scleractinian corals exhibit characteristics similar to trees: with rapid ac-
cretionary growth and annually delineated increments, these colonial organisms are commonly
3used in sclerochronology, the marine equivalent of dendrochronology, for reconstruction of past
ocean conditions (Druffel, 1980). These corals survive only in low latitudes however, and cannot
provide fine resolution proxy data outside the tropics (Butler et al., 2010; Wanamaker et al.,
2008).
Arctica islandica, a marine bivalve mollusk found on the continental shelf systems of the
North Atlantic, was first identified as a potential geochemical proxy by Thompson and Jones
(1977), who referred to the mollusk as “the tree of the North Atlantic shelf.” A. islandica pop-
ulations are commonly found on the continental shelves along the Atlantic seaboard (Dahlgren
et al., 2000; Ropes et al., 1984), a region whose oceanography is driven by a complex juxtapo-
sition of major ocean circulation systems (Yashayaev and Clarke, 2008; Chapman et al., 1986).
From this region it is possible to observe changes in oceanographic signals at a range of scales
(Pickart et al., 1999; Pershing et al., 2001), from local shifts in population dynamics (Green
and Pershing, 2007) to distant patterns of deepwater formation in high latitude source regions
(Weidman and Jones, 1993).
Located along the northeastern coast of the United States, the Gulf of Maine (GOM) is a
midlatitude sea with a mixture of coastal and marine characteristics (Bigelow, 1927). Several
studies in the GOM region have shown that A. islandica populations are capable of recording
past oceanographic variability in the chemical signatures and growth patterns of their shells
(Marchitto et al., 2000; Weidman and Jones, 1993; Wanamaker et al., 2008). These studies
relied primarily on the geochemical techniques of radiocarbon analysis (Weidman and Jones,
1993; Sherwood et al., 2008) and stable oxygen isotope geochemistry (Marchitto et al., 2000;
Wanamaker et al., 2008) to provide records of past hydrographic variability in and around
the Gulf of Maine. Radiocarbon in mollusk shells provides a way to trace ocean mixing and
transport (Tanaka et al., 1990; Weidman and Jones, 1993). The ratio of stable oxygen isotopes
in biogenic carbonates is sensitive to seawater temperature (Urey, 1947) and fluctuations in
the hydrologic cycle (Craig, 1961).
4Radiocarbon (Carbon-14 or 14C; half-life 5,730 years) is a natural component of the carbon
cycle. Of the three carbon isotopes (12C, 13C, 14C), radiocarbon is the least abundant, making
up as few as one in one trillion atoms of carbon in the global carbon cycle (Adkins et al., 1998).
14C atoms are produced naturally in the upper atmosphere at a rate of about 2 atoms per cm3
per second (Adkins et al., 1998) through interaction between cosmic rays and nitrogen atoms
(Korff and Mendell, 1980). 14C then enters the carbon cycle as 14CO2 where it undergoes
chemical reactions in the same way as the stable isotopes of carbon (12C and 13C).
Though carbon-14 is a natural part of the carbon cycle, this cycle has been altered in the
most recent century by human activity. On July 16, 1945, the United States government deto-
nated the world’s first nuclear bomb as part of the Manhattan Project. In the seventeen years
that followed, several hundred atmospheric weapons tests were conducted globally, generating
enough nuclear fallout to double the amount of radioactive carbon in the atmosphere (Gilmer
and DuBois, 2002). At its peak in the mid 1950s, nuclear arms race caused a rapid injection
of vast amounts of 14C into the atmosphere. This was a side effect with little consequence to
the general public, as initial atmospheric 14C concentrations were so low (Jenkins and Sme-
thie, 1996). For the field of oceanography however, the bomb pulse served as an unintentional,
worldwide tracer experiment (Broecker et al., 1985; Druffel, 1980). Radiocarbon is a transient
tracer: though it has little influence on the environment, its time variable distribution is in-
dicative of processes like mixing and dilution that are extremely difficult to measure directly
(Jenkins and Smethie, 1996). With a conspicuous perturbation to the atmosphere, the bomb
pulse provides the chance for real-time observation of a climate forcing event and the propaga-
tion of that signal through a complex circulation system.
Human interference in the radiocarbon cycle is not limited to the weapons testing of the
Cold War era. Fossil fuels are rich in carbon, yet free of 14C (Revelle and Suess, 1957), and
these non-renewable resources have been the primary source of energy to the U.S. since the
late 19th century (EIA, 2011). Fossil fuel combustion in the United States now releases nearly
7 billion metric tons of carbon dioxide to the atmosphere each year without contributing any
514C (EIA, 2011). The atmospheric response to this shift is observable in the tree ring record
as a gradual decrease in (14C)/(12C) beginning in 1870 (Suess, 1955; Druffel, 1997). By 1950,
atmospheric radiocarbon activity (∆14C) had dropped by 2.5% (or, 25h, parts per thousand)
reduced from pre-industrial levels (Stuiver and Braziunas, 1993).
Unlike transient tracers, whose concentrations constantly evolve through time, conservative
tracers have stable distribution in the absence of interaction with different reservoirs (Jenkins
and Smethie, 1996). The ratio of oxygen-18 to oxygen-16 atoms in seawater is an example
of a conservative tracer. The utility of stable oxygen isotopes comes from the temperature
dependence of their fractionation during chemical reactions (Urey, 1947; Epstein et al., 1953;
Grossman and Ku, 1986). An example is the precipitation of a calcium carbonate shell from
ions dissolved in seawater, where “heavier” 18O atoms are removed from solution at a higher
rate than the “lighter” 16O atoms (McCrea, 1950). Fractionation refers to the difference in
the 18O/16O ratio of the reaction products: in the chemical reaction by which a clam pro-
duces its shell from ions in seawater, the oxygen precipitated by the shelled organism has a
more “18O-enriched” isotopic composition than the water, because the heavier oxygen atoms
are preferentially accumulated in the solid phase (Urey et al., 1948). The magnitude of this
enrichment increases as temperature decreases: a high 18O/16O ratio in a carbonate shell in-
dicates a colder environment of formation (McCrea, 1950). Studies using the oxygen isotopic
composition (δ18O) of marine biogenic carbonate to generate paleotemperature records have
significantly contributed to the field of paleoclimatology (Shackleton et al., 1983; Overpeck
et al., 1997). The paleothermometry method is complicated, however, by the joint dependence
of carbonate δ18O on the oxygen isotopic composition of the water as well as temperature.
Because the isotopic composition of past seawater is rarely known, numerous techniques exist
for circumventing this mixed signal effect in order to successfully estimate temperature from
the biogenic carbonates in the fossil record. An equally, if not more compelling application of
stable oxygen isotope geochemistry involves the relationship between stable oxygen isotopes
of meteoric waters and the temperature of formation, which can be used, especially in mid to
high latitude regions, as a source identifier for freshwater input (Craig, 1961; Chapman et al.,
61986; Fairbanks, 1982; Yashayaev and Clarke, 2008).
Measurements of oxygen and carbon isotopic ratios can constrain important information
about past environmental conditions in the marine environment. Direct measurements of past
climate conditions are impossible and much remains unknown about past environmental condi-
tions, especially in the marine environment where the consequences of rising CO2 (Mann et al.,
1998), decreasing pH (Orr et al., 2005), and thermal expansion of seawater (IPCC, 2007) are
difficult to forecast without the context of past changes and natural scales of variability (Mann
et al., 2008). To learn how global climate generates and responds to triggers, constraining the
relationship between forcings and responses in the atmosphere and the ocean is of particular
concern (Scourse et al., 2006; IPCC, 2007). A better grasp on these dynamic interactions re-
quires that the timing and magnitude of past global changes are constrained.
By using a combination of traditional transient and conservative tracers along with an
absolutely-dated age record for the well-established proxy archive Arctica islandica, this re-
search attempts the following: 1. To assess the commonality between the interior Gulf of
Maine and the external western North Atlantic in the expression of climate, particularly in the
context of large-scale ocean circulation dynamics; 2. To apply the temperature- and source
water-dependent fractionation of oxygen isotopes in the calcium carbonate-water system to a
proxy reconstruction of hydrographic variability in the Gulf of Maine; 3. To critically examine
the validity of using a constant marine radiocarbon reservoir age offset in the calibration of
14C-supported sediment age/depth models using radiocarbon in this region.
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2. Recent marine radiocarbon reservoir age variability in the Gulf of Maine
To be submitted to Earth and Planetary Science Letters
2.1 ABSTRACT
A two-century pre-bomb time series of near-surface water radiocarbon activity (∆14C) was
generated using bivalve shell aragonite in the western interior Gulf of Maine. ∆14C measure-
ments were calibrated to a calendar year timescale using annual growth increments in the shell
outer margin that were crossdated. Significant variability was observed on decadal to centen-
nial timescales, and pre-bomb values from this study site are similar to those published on
Georges Bank and in the Northeast Channel, indicating that hydrography in the Gulf of Maine
is dominated by a deepwater source. Results show a variable (103 ±77 years) regional reservoir
age offset (∆R). This suggests that the assumption of a fixed value for ∆R in the calibration
of marine sediment age-depth models is invalid when reconstructing climate on high resolution
(decade to centennial) timescales. This Gulf of Maine ∆R reconstruction suggests that the
influence of the deep Labrador Current has become more prominent in the North American
continental shelf region since 1850 and that warm Gulf Stream-derived slope water was more
influential between 1760 and 1850.
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2.2 INTRODUCTION
Radiocarbon (Carbon-14 or 14C: half life 5730 years) is a transient tracer: though it has
little influence on the environment, its time variable distribution is indicative of processes like
mixing and dilution that are extremely difficult to measure directly (Jenkins and Smethie,
1996). This time variable distribution is also the principle behind radiocarbon dating. Radio-
carbon can be used to age a carbon-containing sample because sample ∆14C decreases at a
known rate. Comparing ∆14C values between a sample and a modern standard can provide
a sample age in radiocarbon years before present (RCYBP), where “present” is defined as 1950.
Unlike the atmosphere where radiocarbon is produced and thoroughly mixed, the marine
14C reservoir is spatially variable and relatively slow to equilibrate. Continents interrupt mixing
processes between circulation systems, and vertical mixing of deep, 14C-depleted water masses
dilutes the surface ocean ∆14C (Druffel, 1997). The wide range (70h, where h stands for
“permil”, equivalent to ‘parts per thousand’) in surface ocean ∆14C makes radiocarbon a pow-
erful tracer of ocean-atmosphere interaction and circulation dynamics: because regional water
masses are “tagged” with unique ∆14C signatures, their patterns of transport and mixing can
be tracked over centuries and for long distances (Broecker, 1991; Gebbie and Huybers, 2012).
In upwelling regions, the ∆14C value is low, indicating the presence of radiocarbon-depleted
water near the surface. The mid-gyre regions of the Atlantic and Pacific experience less verti-
cal mixing with depleted water and more air-sea exchange with the enriched atmosphere which
results in a higher ∆14C.
Variable 14C production rates in the atmosphere cause differently aged samples to have
different initial 14C concentrations (Stuiver and Polach, 1977). All sample ages are reported
relative to the same modern standard, meaning that the variable production rate is ignored
in the initial calculation of sample radiocarbon age (Stuiver and Polach, 1977). Results are
corrected for variable production using a calibration curve (INTCAL09, Reimer et al. 2009)
which converts sample radiocarbon age (RCYBP) to true calendar age. The marine equivalent
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of the atmospheric calibration curve is called Marine09 (Reimer et al., 2009). Marine09 is based
on a modeled ocean surface mixed layer reservoir age (Reimer et al., 2009; Wanamaker et al.,
1901) and converts marine sample radiocarbon age (RCYBP) to true calendar age. Vertical
mixing causes a radiocarbon age offset (currently ∼405 years) between contemporary marine
and terrestrial samples. Variable rates of atmospheric production and air-sea exchange are
responsible for changes in the magnitude of that difference through time.
The 70h range (Gebbie and Huybers, 2012) in surface ocean ∆14C translates to a reservoir
age range of 300 to 1600 years (Butzin et al., 2005). This complicates the process of radiocar-
bon age calibration in the marine environment. Because terrestrial samples acquire 14C from
the well-mixed atmosphere, a single calibration curve can be used to correct radiocarbon ages
for all terrestrial samples. For a given oceangraphic region however, the modeled global ocean
reservoir age of 405 years often provides a poor approximation of the true conditions, and 14C
ages of marine samples from different regions cannot be accurately calibrated using the same
curve.
The region-specific term ∆R, expressed in radiocarbon years, was defined by Stuiver and
Braziunas (1993) as a quantity that accounts for radiocarbon differences between a regional
water mass and those of the modeled global ocean. The reservoir age range of the surface ocean
(300-1600 years) corresponds to ∆R values of -95 to 1195 years from the global average (405),
which has a ∆R value of 0. A regional water mass whose 14C activity matched the global
average has a ∆R of 0, while higher and lower ∆R values represent “older” and “younger”
water masses, respectively.
The first global-scale inventories of surface ocean ∆14C were conducted in the 1980s and
1990s during the World Ocean Circulation Experiment (WOCE), Transient Tracers in the
Ocean (TTO), and Geochemical Ocean Sections (GEOSECS) expeditions (Key et al., 2004;
Ostlund et al., 1987; Sherwood et al., 2005). These cruises obtained direct seawater ∆14C mea-
surements across the globe which improved scientific understanding of the oceanic radiocarbon
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reservoir. While the current distribution of radiocarbon in the surface ocean is reasonably well-
understood Butzin et al. (2005), less is known about how the surface ocean 14C reservoir has
changed through time. Understanding how regional ∆R behaved in the past can help constrain
the role of the ocean in present and future climate change (Druffel, 1989; Druffel and Griffin,
1993) and improve the construction of climate models (Toggweiler et al., 1991; Randall et al.,
2007). Additionally, radiocarbon reconstructions from marine proxy archives can be used to
show long-term changes in the dynamics of ocean circulation and the carbon cycle. This was
first demonstrated by Druffel and Suess (1983) in a nineteenth century 14C coral reconstruction
showing a decline in surface ocean ∆14C that paralleled atmospheric observations. The oceanic
Suess effect is increasingly apparent as rising greenhouse gas emissions continue to dilute at-
mospheric 14CO2. Proxy-generated time histories of regional ∆
14C also provide a method for
other regional radiocarbon measurements to be calibrated.
A ∆14C record of biogenic carbonates is often used to construct age-depth models for pale-
oceanographic reconstructions. For marine carbonates that lack periodic growth structures or
laminations (i.e. foraminifera), standard practice is often to use a constant value for ∆R. The
use of a fixed regional reservoir offset through time means that these 14C-derived age models
attribute all changes in sample ∆14C to radiometric decay. In other words, the initial sample
∆14C (a proxy for water mass ∆14C) is assumed constant for all samples, regardless of age. The
consequence of this assumption depends on the temporal reservoir age variability in the region,
as well as the timescale of interest. If the former is small and the latter large, temporal shifts
in source water 14C signatures will likely introduce negligible error, so a single appropriate
value for ∆R is reasonable. In dynamic regions influenced by multiple sourcewater components
and in high resolution reconstructions, using an independently aged, variable 14C time history
will improve age model accuracy while facilitating comparison between marine and terrestrial
climate records (Wanamaker et al., 1901).
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2.2.1 Study Site: Gulf of Maine
The Gulf of Maine (GOM) is a midlatitude sea located on the northeastern United States
Coast. The high primary and secondary productivity in the GOM (Townsend, 1991; Wana-
maker et al., 2011) provides a rich and diverse ecosystem that supports a large commercial
fishing industry (Hoagland et al., 2005; Frank et al., 1990). The GOM is more enclosed than
the shape of its coastline suggests. The interior of the Gulf is protected from the larger North
Atlantic by the Nantucket Shoals (south), Georges Bank, and Browns Bank, which greatly re-
duce the communication between interior and exterior (Bigelow, 1927; Townsend, 1991). The
deep Northeast Channel (NEC) between Browns and Georges Bank provides an entryway for
deep water from the continental slope to reach the basins of the GOM (Bigelow, 1927). While
transfer of deep water through the NEC is limited, the strong internal circulation and high
flow rate (5.63 × 105 m3 s−1 calculated by Smith (2001) correspond to an estimated flushing
time of one year for most water in the GOM. Internal eddies forming around the deeper basins
of the GOM increase deepwater residence times in these regions to about 3 years (Pettigrew
et al., 2005).
A 5,000 km coastal current originating along the southern point of Greenland transports
slope water southward along the continental shelves of North America and influences the
oceanographic signal in the GOM (Chapman et al., 1986; Mountain, 1991; Wanamaker et al.,
2008). With a location along the boundary between the Labrador Current and the Gulf Stream,
oceanography in the GOM is likely sensitive to minor shifts in the strength or position of either
of these major currents (Pershing et al., 2001; Wanamaker et al., 2011). The Gulf Stream
originates in the low-latitude North Atlantic and carries warm, high salinity water northward
along the Mid Atlantic Bight before crossing the North Atlantic and continuing towards Europe
(Broecker, 1991; Lund et al., 2006). The Gulf Stream plays a critical role in transporting heat
from the low to high latitudes (Hall and Bryden, 1982) and the stability of the Gulf Stream
system under changing climate conditions is a source of uncertainty in the prediction of future
climate change (Lund et al., 2006).
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Proxy reconstructions can provide information about the relative influence of the Gulf
Stream and Labrador Current systems on the GOM. Recent work by Shearman and Lentz
(2010) has shown from historical lighthouse monitoring stations that GOM SST in the past
century has risen approximately twice as fast as atmospheric temperature. These findings high-
light the importance of oceanographic circulation as a driver of coastal climate variability and
the need to explore the climate record even beyond the instrumental period.
The radiocarbon signature (∆14C) of a regional watermass (e.g., Labrador Slope Water,
Sargasso Sea water) is driven by the advective and vertical mixing processes that force in-
teraction between 14C-enriched and 14C-depleted circulation systems. Changing circulation
dynamics of GOM source waters would be recorded in a proxy archive as a variable ∆14C
through time. Previous work has shown the potential for extratropical carbonate species to be
helpful indicators of carbon cycle dynamics at a range of spatial and temporal scales. Studies
exploring ∆14C variability in the western North Atlantic have focused primarily on bomb-era
reconstructions of oceanic 14C uptake from the atmosphere (Weidman and Jones, 1993) and
used samples from multiple study sites Sherwood et al. (2005) to describe the spatial and tem-
poral reservoir age variability in the upper mixed layer (Sherwood et al., 2005).
A tropical Atlantic coral ∆14C reconstruction by Druffel (1997) identified high levels of
interannual to decadal variability in the radiocarbon budget of this dynamic oceanographic re-
gion, and attributed that variability to deepwater production and circulation patterns (Druffel,
1997). These studies were able to use ∆14C to make inferences about high latitude processes be-
cause the coastal current that dominates their oceanographic systems comes from the Labrador
Sea, where variations in the annual winter convection and water mass renewal (or ventilation
rate) dictate the 14C signature of the water that makes up the continental shelves of North
America.
A 51 year (1939-1990) record of ∆14C was constructed by Weidman and Jones (1993) us-
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ing an individual A. islandica shell from Georges Bank. Based on previous work linking the
Labrador Sea to the source of waters on Georges Bank, authors used the radiocarbon time
series to model the 14C budget of Labrador Sea water and infer variations in the ventilation
rates in the high latitude Labrador Sea. Because of the important role of the high latitude
North Atlantic Ocean as a sink for atmospheric CO2 and a source of deep water to the global
ocean, the work of Weidman and Jones (1993) highlights the potential of 14C records in the
western North Atlantic to serve as proxies for important features of regional climate change.
Authors were primarily concerned with radiocarbon uptake during the bomb-era, but extend-
ing the reconstruction of Weidman and Jones (1993) to recent centuries could further evaluate
the link between midlatitude radiocarbon activity and high-latitude deepwater formation rates.
Sherwood et al. (2005) used gorgonian coral samples to generate a 1200 year record of
surface and intermediate-depth ∆14C along a latitudinal gradient from 42oN - 60oN in the
northwest Atlantic. Though no systematic change in the ∆14C distribution of the vertical col-
umn was found, the coral record in the NEC showed unusually negative values which oscillated
quasi-decadally between -80h and -100h (Sherwood et al., 2005). Pre bomb ∆14C oscillations
with this frequency and magnitude would typically be attributed to the changing position of
the Labrador Slope Water (LSW)-Warm Slope Water (WSW) frontal boundary caused by the
modal state of the North Atlantic Oscillation (NAO; Petrie and Drinkwater (1993), Sherwood
et al. 2005). During NAO positive years, Gulf Stream-derived WSW occupies the upper slope
region off Nova Scotia, whereas in NAO negative years, LSW is the dominant water mass there
(Sherwood et al., 2005). Though NAO driven changes in the frontal boundary position may
explain the frequency of the oscillations in the NEC, the negative ∆14C excursions cannot be
associated with the presence of high-latitude deepwater, based on upstream values of -70h for
LSW (Sherwood et al., 2005). To explain the oscillating depleted signal of the NEC record,
Sherwood et al. (2005) concluded that WSW must be the source of negative ∆14C values, which
would suggest the presence of upwelling Antarctic Intermediate Water (-110h, Broecker et al.
1960) reaching the waters of the NEC (Tanaka et al., 1990; Sherwood et al., 2005).
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In the GOM, the radiocarbon budget is controlled by a mixture of different slope and shelf
water masses derived from the Labrador Sea and the Gulf Stream (see figure 2.1). Labrador-
derived slope water (LSW) enters the GOM through the NEC as part of southward-moving
slope water current (Chapman et al., 1986; Chapman and Beardsley, 1989; Mountain, 1991;
Wanamaker et al., 2008). Slope water observed in the GOM originates from one of two regions,
the Labrador Sea to the north and the North Atlantic / Sargasso Sea to the south. From
observations of instrumental data in the region during the notably cold 1960s, Smith (2001)
suggested that variable mixing ratios between LSW and WSW, rather than a change in the
freshwater end member altogether, was the factor responsible for the variability in GOM hy-
drography. Relative to slope water, Scotian shelf water is fresher and more buoyant. Scotian
Shelf water enters the GOM by flowing over the shallow banks that define the NEC (Smith,
2001) at an average annual transport flux of 140 × 103 m3s−1 (Smith, 1983). In the Georges
Bank / GOM region, the Scotian Shelf Water - WSW mixture is about three times more abun-
dant than LSW (Chapman et al., 1986). The mean annual freshwater flux into the GOM was
estimated by Loder and Petrie (1998) as 16 × 103 m3s−1, with a Maine River Water component
of 3 × 103m3s−1, or approximately 18% (Smith, 2001). Because changes in mixing curve pa-
rameters commonly occur on 1-3 year timescales for the Georges Bank - GOM region, however,
Maine River Water contribution to GOM freshwater is widely variable: the impact of Maine
river water on the GOM freshwater budget in the 1990s alone spanned contributions, relative
to Salinity (S) of 34.8, between 5% and 75% of the freshwater on the Georges Bank / GOM
system. This wide range is due in part to changes in precipitation, river flow and discharge, but
also incorporates variability in the strength of NEC inflow currents responsible for the addition
of freshwater to the GOM.
Here the recent ∆14C variability in the GOM is investigated using shell carbonate in the
long-lived bivalve Arctica islandica. The use of a crossdated master shell chronology tying
together live-caught and subfossil samples (Griffin, 2012) provides calendar ages for ∆14C
measurements with virtually no age uncertainty. A pre bomb 14C time series dating back to
1760 AD is presented and discussed in the context of previous work and local and regional
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Figure 2.1 Schematic of major surface currents in the western North Atlantic after Weidman
et al. (1994) is shown. Samples used in this study originated from the location
marked with the red dot in the Gulf of Maine (GOM).
hydrographic variability. A time history of local reservoir age offsets (∆R) in the GOM is
provided, which provides a high resolution age calibration for regional radiocarbon-supported
sediment age/depth models.
2.3 METHODS
2.3.1 Sample collection and preparation for 14C Accelerator Mass Spectrometry
(AMS)
Estimates of interior GOM ∆14C over the past two centuries are based on the 14C ages of
Arctica islandica shell carbonate from a shallow water (38 m) population located off Seguin
Island (43o44”N; 69o44’5”W), 4 km southeast of the mouth of the Kennebeck River. A commer-
cial lobster boat and crew were chartered in June 2010 for two days of sampling. Approximately
250 live articulated individuals and 200 single dead-collected valves were obtained and brought
to the Darling Marine Center in Walpole, ME, where they were cleaned, harvested if neces-
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sary, and shipped to Iowa State University in Ames, IA for further processing. Fifty samples
(forty-six dead collected, four live caught) were selected for radiocarbon analysis at the Na-
tional Ocean Sciences Accelerator Mass Spectrometry facility (NOSAMS) operated by Woods
Hole Oceanographic Institute (WHOI). This served two important goals: 14C measurements
provided a ”ballpark” age estimate, identifying which shells fell within the target age range
of 0-1000 radiocarbon years before present (RCYBP). Shells were chosen for Accelerator Mass
Spectrometry (AMS) based on visual inspection: valves that appeared old, heavily calcified,
and free of bioturbation were preferentially selected. Any traces of organic periostracum that
remained were physically removed before shell valves were cleaned with deionized water.
A handheld Dremel drill fitted with a Brasseler milling bit was used to remove a thin layer
of shell carbonate from the outer surface to decrease the risk of sample contamination through
contact with modern carbon. The Dremel was then used on the clean surface to sample ∼10mg
of material from the outer shell layer. In most cases, samples were taken from the umbo region,
and integrated over several (3-10) annual growth bands. Because sampling occurred on the
external shell surface where growth increments are more difficult to identify, sampling loca-
tions were carefully noted and photographed to ensure an accurate calendar age assignment.
Samples were sealed in Nalgene 10 mL cryogenic vials and sent to NOSAMS on November
23, 2010, where sample carbon was converted to CO2 by hydrolysis with H3PO4. Following
conversion to graphite and pressing into targets, sample 14C atoms were directly counted via
AMS. A complete report of results is presented in Table A.1.
Of the fifty samples sent to NOSAMS for analysis, twenty-four returned conventional ra-
diocarbon ages (CRA) in the most recent millennium, six returned 14C ages between 4210
and 5320, nineteen fell between 5570 and 6390, and the oldest shell 14C age was 7670. CRA
values are expressed in radiocarbon years before present (RCYBP), where present is defined
as AD 1950 (Stuiver and Polach, 1977). A description of the CRA calculation from the mea-
surement of Fraction modern (Fm) is provided on page 93. Those shells were mounted in
Buehler Epoxicurer resin and hardener and, once blocked, sectioned longitudinally along the
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axis of maximum growth using a slow-cut isomet saw. Preparation followed methods outlined
in Scourse et al. (2006) and Butler et al. (2009). The resultant mirrored pair of blocks were
polished on a twin platen Buehler MetaServer 250 grinder-polisher system in a five-step se-
quence of increasing grit: 120, 400, 600, 800, and finally a 1200 grit finish. One half was used
to prepare an acetate peel, from which individual age and growth history were inferred through
counting and measuring growth increments. The other half block was reserved for microsam-
pling.
Figure 2.2 (a). Shell 100027, as viewed in cross section along the maximum axis of growth.
Images were stitched together manually using Photoshop to avoid distortion. (b).
Master Shell Chronology (provided by Griffin (2012)) is a time history of the
population’s synchronous detrended growth index. The detrended growth index is
a dimensionless measure of how increment growth deviates from the average trend
or predicted growth, allowing old and young shells to be compared with each other
(Butler et al., 2012)
2.3.2 Reservoir age calculations and ∆R determinations
Conventional radiocarbon ages and true calendar ages were compared in order to determine
∆R(t). Calendar ages are obtained by increment counting and aligning the growth sequences of
coeval mollusks into a population growth record, or “master shell chronology” via crossdating.
This technique is described in detail by Griffin (2012). Briefly, crossdating exploits the ten-
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dency for organisms within a population to grow synchronously in response to environmental
conditions–either limiting or advantageous–by identifying common sequences in the incremen-
tal growth histories of multiple population members with overlapping records of ontogeny. A
crossdated chronology guarantees a more accurate age assignment for each sample and offers
insight about the degree to which a single organism’s response to environmental forcing can
be explained by the collective behavior of its community (Butler et al., 2010; Marchitto et al.,
2000). Simultaneous construction of a master shell chronology via crossdating (Griffin, 2012)
has provided independent calendar ages for nine of the twenty-four recent shells so far. Those
nine shells represent a subset of the 29 shells in the master shell chronology, the majority of
which were captured live, and therefore required no 14C AMS for preliminary approximate age
estimations.
When a radiocarbon-dated shell sample is given a true calendar age value by crossdating, it
is possible to construct a value for the GOM regional reservoir age offset (∆R value). The ∆R
value represents the difference between the regional and global ocean reservoir ages. To obtain
∆R for the calendar year of the sample, the Marine09 (Reimer et al., 2009) global surface ocean
reservoir age is subtracted from the sample conventional radiocarbon age reported at the time
of analysis. Both terms are expressed in units of 14C years.
2.4 RESULTS
2.4.1 Radiocarbon history of GOM
Table 2.1 shows the time history of GOM ∆14C from the Seguin Island population. To
account for sample radiocarbon decay between the year of formation (x) and the year of sample
measurement (y), sample 14C activity must be corrected according to methods outlined by
Stuiver and Polach (1977) to account for sample radiocarbon decay that happened between
increment formation (year column of this table) and sample measurement (2010). Based on
the 5730 year half life (decay constant λ = 1/8267 yr−1), the following equation is applied to
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Figure 2.3 ∆14C variability in the GOM region over the past two centuries. Horizontal error
bars represent the number of bands integrated in the sample and vertical error
bars represent the plus minus 1σ precision errors of the ∆14C measurements.
calculate age corrected sample activity A∗s from the original reported sample activity As:
A∗s = Ase
λ(y−x) (2.1)
Original non-corrected measurements of sample 14C activity are tabulated in Appendix I
for all of the samples sent to NOSAMS.
2.4.2 Reservoir age variability
A two-century history of ∆14C in the GOM is presented in Figure 2.3 and compared with
two published series of bomb-era ∆14C on Georges Bank and in the NEC in Figure 2.4 and
Figure 2.5. Results show a variable (103 ±77 14C years) regional reservoir age offset (∆R) in
the GOM. Two points presented here overlap temporally with previous work by Weidman and
Jones (1993) and Sherwood et al. (2008), and values at each are similar to those obtained by
Weidman and Jones (1993) and Sherwood et al. (2008), which suggests a common radiocar-
bon forcing for the inshore and external GOM. In recent centuries, source water to the GOM
appears more depleted, suggesting an increasing Labrador influence on the GOM radiocarbon
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ISU ID Year Span (yrs) Collection year ∆14C ∆14C error ∆14C∗
100127 1778 5 2010 -67.4 -3.7 -69.3
100109 1786 5 2010 -76.9 -3.3 -79.0
100111 1791 5 2010 -76.4 -3.3 -78.5
100113 1795 10 2010 -75.8 -4.1 -77.8
100110 1801 12 2010 -76.5 -3.3 -78.5
100078 1855 2 2010 -75.4 -3.1 -76.8
100079 1870 2 2010 -89.7 -3.3 -91.2
100079 1875 10 2010 -82.5 -4.1 -83.9
100079 1885 10 2010 -77 -3.3 -78.2
100079 1895 10 2010 -75.2 -3.0 -76.3
100079 1905 10 2010 -74.2 -3.1 -75.1
100047 1943 5 2010 -83.9 -5.4 -84.6
03CB∗ 1986 5 1986 52.1 N/A 52.1
Table 2.1 Western GOM ∆14C through time. Both measured (∆14C) and age corrected
(∆14C∗) values are presented above. ∗post bomb shell provided by ADW with
original measure of sample activity: +52.1h (Wanamaker, 2007).
budget. Between 1850 and 1950, these results appear quite close to estimated pre-bomb NADW
source water activity (Broecker et al., 1985) of -70h. Figure 2.4 shows the same information
as Figure 2.5, but with the replacement of ∆14C values by estimates for regional reservoir age
offset from the global average ocean (∆RGOM ).
From Figure 2.3, the consequences of taking the fixed ∆R approach are evident. Between
1850 and 1900 in particular, rapidly changing ∆14C values must be driven by changes in
oceanography. If this record lacked an independent age model and a fixed value for ∆R were
used to constrain sample calendar age, none of the oceanographic variability shown here would
be captured by the record. Instead, changes in sample 14C activity through time would be
attributed to age-related radioactive decay. Without an independent age model, far too little
variability would be captured by the ∆R term in this dataset.
Table 2.2 illustrates the variability in GOM regional ∆R values over a two century period.
Error of radiocarbon age corrections on relatively high resolution time series can be reduced
by adopting an adaptive model for the correction of 14C ages in this region.
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Figure 2.4 Pre-bomb history of regional reservoir age offsets from the modeled global average
surface ocean (Reimer et al., 2009). The y-value for error bars represents the
compounded error (in radiocarbon years) of the Marine09 modeled ocean reservoir
age and the error in sample ∆14C measurement, converted to radiocarbon years.
The x-value of error bars represents the sample integration over a number of years
between 3 and 9. In some cases, the sample integration results in x-axis error bars
smaller than the point. A description of ∆R calculation methods is provided in
section 2.3.2
2.5 DISCUSSION
2.5.1 Coherence with other radiocarbon data
Results are consistent with those from previous studies in the region (Sherwood et al., 2008;
Weidman and Jones, 1993), suggesting that the radiocarbon record in the internal GOM is con-
trolled by the same mechanisms as the records on the outer shelf (Figure 2.5). The results of
this study are shown with previous work by Sherwood et al. (2005, 2008) and Weidman and
Jones (1993) and recent data from Intcal09 and Marine09 (Reimer et al., 2009) for context.
The Intcal09 and Marine09 curves relate measured radiocarbon ages (RCYBP) to calendar ages
for terrestrial and oceanic samples, respectively. As Figure 2.5 shows, for any given calendar
age, the measured radiocarbon age of a marine sample will be significantly older than that for
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ISU ID Calendar Age CRA CRA error Marine09 Marine09 error ∆R ∆R error
100127 1778 505 30 535 23 -30 37.8
100109 1786 585 25 536 23 49 34.0
100111 1791 580 25 541 23 39 34.0
100113 1795 575 25 543 23 32 34.0
100110 1801 580 25 542 23 38 34.0
100078 1855 570 25 483 23 87 34.0
100079 1870 700 25 478 23 222 34.0
100079 1875 635 35 475 23 160 41.9
100079 1885 585 25 469 23 116 34.0
100079 1895 570 25 460 23 110 34.0
100079 1905 560 25 449 23 111 34.0
100047 1943 645 45 462 23 183 50.5
Table 2.2 Regional 14C age offsets (∆R values) specific to the GOM in the most recent two
centuries.
a terrestrial sample. This is caused by the dilution of the surface ocean 14C signal previously
discussed in section 2.2. For the two points in this study that exhibit temporal overlap with
previous work (samples from 1943 and 1986), results from previous studies (Sherwood et al.,
2005), (Sherwood et al., 2008) and (Weidman and Jones, 1993) fall within the measurement
error of these new data.
This evidence suggests that the internal and external GOM share a radiocarbon signature.
Like the data from the Sherwood et al. (2005) NEC study site, the interior GOM exhibits
periods of a very depleted ∆14C signature that is difficult to explain using only the Labrador-
derived slope water as a 14C-depleted endmember. Results are also coherent with the Weidman
and Jones (1993) study, which did not invoke a low-latitude 14C-depleted endmember to explain
the bomb-era evolution of radiocarbon on Georges Bank. More work is needed to increase the
number of measurements with temporal overlap between these sites, but these data support
the use of radiocarbon reconstructions in the internal GOM, where proxy archives may be more
available for the study of oceanographic processes at wider geographic range than simply the
western interior GOM.
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Figure 2.5 ∆14C variability in the GOM region over the past two centuries. Dotted (green)
and dashed (blue) lines represent the atmospheric (INTCAL) and oceanic (MA-
RINE09) radiocarbon time histories. Filled circles (blue) represent data from this
study, while results from earlier bomb-era studies are marked with squares (pur-
ple, Weidman and Jones, 1993), and diamonds (green and orange, Sherwood et
al., 2005 and 2008).
2.5.2 No evidence of Suess Effect before 1950
The oceanic Suess effect (Druffel and Suess, 1983) appears in the marine carbonate proxy
record beginning in the late nineteenth century (Nozaki et al., 1978; Druffel and Linick, 1978).
Weidman and Jones (1993) measured five pre bomb ∆14C values in an A. islandica shell and
observed a decreasing trend of -0.88h yr−1 from 1939-1952 attributed to the oceanic Suess ef-
fect. In a 1994-2004 coral record from the North central Pacific, Druffel et al. (2010) observed a
sharper decline of 3h yr−1. The ∆14C results from 1870-1943 in this study (see Figure 2.6) fail
to show such a trend. The level of expression of this phenomenon depends on the contribution
of air-sea exchange to the radiocarbon budget of a given region (Druffel, 1980; Broecker and
Peng, 1974). The lack of an apparent Suess effect implies that gas exchange plays a minor role
compared to vertical mixing with 14C-depleted deep water masses (Tanaka et al., 1990; Kash-
garian and Tanaka, 1991). This is further supported by the rapid shifts on decadal timescales
observed in these data: the rate of atmospheric exchange has a minimum time constant of 5-10
years (Druffel, 1997; Toggweiler et al., 1991; Broecker and Peng, 1974), making it unlikely that
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Figure 2.6 The lack of a decreasing trend in GOM ∆14C vaues between 1870 and 1950 indi-
cates that deep water sources play a significant role in GOM age variability.
air-sea exchange could be responsible for the data shown in Figure 2.3. Scho¨ne et al. (2011)
found a similar absence of an oceanic Suess Effect in the North Atlantic until the 1920s, when
13C/12C ratios of Icelandic A. islandica shells began to decline. This coincided with a basin-
wide oceanic regime shift involving reduced rates of deepwater production and, as a result, less
LSW influence in continental shelf regions like the GOM (Scho¨ne et al., 2011).
2.5.3 Local freshwater input
Maine river water contribution is highly variable on short timescales, contributing to an
interannual salinity variability of 0.5 in the interior GOM (Smith, 2001). In some coastal re-
gions, riverine input of old terrestrial radiocarbon can compromise the ∆14C signature of the
dissolved inorganic carbon in the immediate drainage areas, making coastal waters appear sig-
nificantly older than their true radiocarbon age. This is not a concern for the GOM because
the expansive watershed and network of rivers is well-equilibrated with the atmosphere, giving
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riverine input a relatively young ∆14C signature. Additionally, the regions most affected by
this 14C “age inflation” are those comprised of limestone bedrock, which imparts a particularly
depleted ∆14C signature to freshwater systems (Bauer et al., 2001). The GOM watershed is
not composed of limestone (Belknap et al., 1987), so this potentially important source of bias
is absent. Because the riverine input in the GOM would likely move ∆14C values in this record
towards more enriched or younger ages, we do not anticipate a significant contribution of young
sources to this reconstruction, as the ∆R values suggest an older water mass in the GOM than
would be expected with the significant influence of a 14C-enriched river system (Raymond and
Hopkinson, 2003).
2.5.4 Shell equilibrium with dissolved inorganic carbon
The aragonite in tropical scleractininan corals is deposited in ∆14C equilibrium with the
dissolved inorganic carbon of the seawater (Druffel, 1980). For some benthic organisms in-
cluding certain mollusk species, shell carbonate 14C is depleted relative to seawater ∆14C. The
likely cause for this is the incorporation of old carbon from either freshwater inputs or through
the metabolization of old organic matter from the substrate pore waters (Forman and Polyak,
1997; McCorkle et al., 1985). In these organisms, the ∆14C signature of shell carbonate is
a reflection not of seawater dissolved inorganic carbon but of the residence time of carbon
in the sediment. A. islandica is a filter feeding species with a siphon that extends upwards
from the sediment (Gainey, 2011), and a recent calibration experiment observed a consistent
and measurable offset from equilibrium fractionation in A. islandica that did not exceed 10%
(Beirne, 2011). While we acknowledge the possibility of vital effects to jeopardize the climate
signal in reconstructions using some bottom dwellers as proxies, we are confident that the sig-
nal recorded by this speices is representative primarily, if not exclusively, of the radiocarbon
activity in the dissolved inorganic pool of carbon (Weidman et al., 1994). If additional evidence
of a compromised ∆14C signal became apparent, comparative 14C analysis of contemporaneous
freshwater and marine bivalves could rule out or quantify the contribution of unlikely sources
such as these to the signal we observe (McCorkle and Emerson, 1988; Goodfriend and Flessa,
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1997).
2.5.5 Slope water sources
The relative amount of LSW to WSW is variable through time, and changing patterns of
one or both systems are likely the main driver of the variations observed in this dataset. Pre-
vious studies have shown the effects of changing slope water proportions and their relation to
the relative ∆14C concentrations (Sherwood et al., 2005), temperature patterns (Scho¨ne et al.,
2011), and salinity trends (Petrie and Drinkwater, 1993) of the western North Atlantic (Persh-
ing et al., 2001). In contrast to the decreased formation of the 1920s, a trend in the 1960s of
anomalously cold SST became apparent on the Scotian Shelf and in the GOM, followed by a
warm period in the 1970s. Petrie and Drinkwater (1993) modeled the variability in transport
and slope water entrainment by the Labrador Current during the 1960s and 1970s. The 1960s
were uncharacteristically cold in the high latitude N. Atlantic, whereas the 1970s were warm.
Compared to measurements from the 1970s, results from the Petrie and Drinkwater (1993)
model in the 1960s produced a 4-fold increase in westward along-shelf flow of the Labrador
Current (Houghton and Fairbanks, 2001). The position of the frontal boundary between LSW
and WSW is sensitive to changes in the modal state of the North Atlantic Oscillation (NAO)
Pershing et al. (2001); Sherwood et al. (2008). During NAO positive years, a large pressure
gradient exists between the Icelandic low and the subtropical high zones (Hurrell, 1995), ampli-
fying the northerly winter storm track and presumably, moving the frontal boundary between
LSW and WSW farther north (Sherwood et al., 2008) so that the younger, higher ∆14C WSW
dominates the radiocarbon budget in the GOM, Scotian Shelf, and Grand Banks regions. In the
NAO negative years opposite conditions exist: a weaker pressure gradient results in increased
southwestward flow of LSW and the GOM ∆14C signature is dominated by the older slope
water mass. Because the GOM and MAB are influenced by the Labrador water that feeds into
this region, changes in LSW formation rates should have an impact on the relative amounts of
LSW and WSW that reach the North Atlantic continental shelf (Yashayaev and Clarke, 2008).
If the amount of LSW entering the GOM is variable in response to these high-latitude changes,
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the radiocarbon budget of the western interior GOM may reflect the variability of this distant
source region.
2.5.6 Deepwater production and a variable Labrador influence
The physical and chemical properties of slope water in the N. Atlantic have been explored
by several authors who generally agree that slope water found on the continental shelves of
North America is of high-latitude and deep water origin (Chapman et al., 1986; Petrie and
Drinkwater, 1993; Smith, 2001; Fairbanks, 1982). The most likely contributor is the Labrador
Sea, the coldest and freshest basin of the North Atlantic (Yashayaev and Clarke, 2008), and its
outflow of intermediate LSW represents the upper branch of the newly generated, southward
flowing North Atlantic Deep Water. In the past sixty years, changing winter conditions over
the Labrador Sea have driven periods of exceptionally high and low LSW production volumes
(Yashayaev and Clarke, 2008). LSW is the fresh, buoyant upper branch of the Labrador Current
capable of invading the GOM through the deep entrance of the NEC. Many studies have made
use of transient tracer distributions in the surface mixed ocean layer to evaluate variability in
surface ocean mixing rates, track the flow rates and transport volumes of major currents, and
estimate the ventilation or water mass renewal rates of important regional ocean basins and
circulation systems (Druffel, 1989; Broecker et al., 1985; Toggweiler et al., 1991; Druffel and
Suess, 1983). Instrumental records of the volume of LSW formation and the extent of its reach
into the western North Atlantic extend only as far back as the early 1960s, so comparisons
with our shell 14C record are not possible. It is possible, however, to use measured signals of
GOM ∆14C to back-calculate a likely value for Labrador Sea ∆14C for the previous year. The
ventilation age of a water mass represents the time elapsed since that water was last at the sur-
face (Adkins and Boyle, 1997). The close connection between ventilation ages and the 14C/12C
ratio in marine carbonate sediments means that the ∆14C history of the carbonate sediment
record can serve as a proxy for paleoclimate reconstructions of ocean circulation (DeVries, 2010).
Chapman et al. (1986) estimated the water on Georges Bank to have a mixing ratio of
75% Scotian Shelf water and 25% SLW. Weidman and Jones (1993) used this ratio, along with
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a series of simplified equations accounting for oceanic 14CO2 uptake during transit and the
contributions of different slope and shelf water masses, to hindcast the ventilation rates of the
Labrador Sea. Here, we follow a similar set of equations to link our ∆14C record to that of
the predicted Labrador Sea. Based on current meter observations and flux estimations that
have indicated a continuous flow path of water from the Scotian Shelf through the interior
GOM and into the MAB by way of Georges Bank (Chapman et al., 1986), we use the same
estimated mixing ratio of 75% Scotian Shelf water and 25% SLW for the water on Georges
Bank as an approximation for the GOM. We have slightly modified the equations to account
for the decreased depth (∼30m) of our sample population. The degree to which the ∆14C of A.
islandica shell carbonate reflects that of the source water is a function of several basic physical
oceanographic parameters. The average air-sea exchange rate, I, accounts for 23 moles C m−2
yr−1 in the North Atlantic. The average CO2 concentration of the North Atlantic is 2.15 mols
m−3 (Druffel and Griffin, 1993). Uptake (U) is expressed as a percentage of the difference





where D is depth in meters.
∆14CGOM =
14 CLabSea + (U)(
14Catm −14 CLabSea) (2.3)
Strong winter convection over the Labrador Sea causes vigorous mixing that homogenizes
the surface and intermediate depth layers of the Labrador Sea. Thus, newly formed LSW and
the surface of the Labrador Sea have the same ∆14C signature, and for reconstructions in the
GOM, the simplifying assumption 14CLSW =
14CLS is appropriate (Cao et al., 2007). The








Year ∆14C ∆14Catm Depth (m) Uptake Year ∆
14C
1778 -68.8 -2.5 30.0 0.346 1777 -67.9
1786 -78.4 -6.9 30.0 0.346 1785 -76.0
1791 -77.9 -7.9 30.0 0.346 1790 -75.1
1795 -77.2 -7.7 30.0 0.346 1794 -74.5
1801 -77.9 -2.0 30.0 0.346 1800 -77.2
1855 -76.3 -3.8 30.0 0.346 1854 -74.9
1870 -90.6 -4.0 30.0 0.346 1869 -89.2
1875 -83.3 -4.5 30.0 0.346 1874 -81.7
1885 -77.6 -5.8 30.0 0.346 1884 -75.6
1895 -75.7 -3.1 30.0 0.346 1894 -74.6
1905 -74.6 -5.0 30.0 0.346 1904 -72.9
1943 -84.0 -21 30 0.346 1942 -76.6
Table 2.3 Reconstructions of Labrador Sea ∆14C based on air sea exchange rates, oceanic
CO2 concentration, and the difference in radiocarbon isotope ratios between the at-
mosphere and surface ocean. Values for ∆14Catm are obtained from the INTCAL09
record of Reimer et al. (2009)
Applying these equations to the parameters from Seguin Island yields a predicted time
history shown in table 2.3. In the case of limited LSW formation, The ∆14C signature
in the western Interior GOM should be relatively enriched, since the absence of LSW un-
der those circumstances would likely invoke a greater contribution of the more 14C-enriched
WSW, derived from the Sargasso Sea and North Atlantic regions(postbomb Sargasso Sea
∆14CSargasso = +160h) (Kashgarian and Tanaka, 1991). The ∆14C budget for the mod-
eled Labrador Sea ∆14C should exhibit this same trend: an increase in the 14C/12C ratio of
surface water due to a longer equilibration period and decreased vertical mixing with deeper
more depleted waters. Alternatively, we would anticipate a stronger deepwater (14C-depleted)
signal in the Labrador Sea should be apparent during winters of strong convection and vertical
mixing. In the GOM region, greater contribution from the depleted end member of the water
mass budget (postbomb∆14CLabSea = +50h) would similarly lower the value of shell ∆14C
(Weidman and Jones, 1993; Yashayaev and Clarke, 2008).
Table 2.3 shows the hindcasted values from this Seguin Island ∆14C reconstruction. Figure
2.7 shows the same information combined with the bomb-era results of the Weidman and Jones
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Figure 2.7 Reconstructed Labrador Sea ∆14C values from 1777 - 1942.
(1993) reconstruction. These values exhibit a pattern of rapid shifts or pulses of decreased ∆14C
(increased reservoir age) of the Labrador Sea. 14C data are not available between 1800 and
1850: ∆14C trends for this period could be revealed if crossdated calendar ages of additional
14C AMS-dated shells fall within that range. The bomb pulse is represented in the portion of
the figure by Weidman and Jones (1993) as a large spike between the late 1950s and 1960s,
complicating the assessment of natural radiocarbon variability after 1955-1958.
The reconstruction presented here assumes that this A. islandica population captures a
variable LSW influence as a measurable shift in shell carbonate ∆14C. The validity of this as-
sumption could be evaluated and the results from this exercise greatly improved by obtaining
∆14C values with a more complete temporal coverage. The time and energy-intensive process
of visual crossdating and the monetary expense associated with repeated AMS submissions will
make this an intensive project, but if these data are truly indicative of important processes in
NADW formation, the results may be well worth the investment.
38
2.6 CONCLUSIONS
For the bomb-era periods in which they overlap, the pattern of observed trends in A.
islandica ∆14C in this record are broadly consistent with results from previous studies us-
ing similar archives in the North Atlantic Continental Margin (Weidman and Jones, 1993;
Sherwood et al., 2008). These data lack any trend consistent with the oceanic Suess Effect,
indicative of a deepwater source. This also points to limited ∆14C enrichment as LSW moves
from its high-latitude source region to the western North Atlantic where it may enter the GOM.
From this reconstruction, two primary findings are apparent. First, evidence of a deepwater
component is apparent even in the interior GOM. Broadly speaking, this represents an oppor-
tunity to apply proxy archives from the relatively shallow interiors of continental margins to
provide insight about large scale processes happening in the North Atlantic. Secondly, agree-
ment between this time history and those of previous studies (Sherwood et al., 2008; Weidman
and Jones, 1993) supports validity of our independent age model produced by visual crossdating
(Butler et al., 2010). The bomb-era agreement between this record and those constructed by
previous studies (Sherwood et al., 2008; Weidman and Jones, 1993) is an encouraging sign that
climate records from the western interior GOM are applicable to larger-scale oceanography in
this region.
Finally, the range of values for the regional 14C age offset in this record is large, confirming
that in this region, high resolution reconstructions relying on ∆14C measurements for an age
model should adopt a dynamic age calibration approach, as the use of a constant value for
∆R would provide insufficient information for even “ballpark” sample age estimates when the
objective is to identify interannual, decadal, or centennial-scale variability. This points to
the need for more high-quality, ultra-fine resolution age model construction with which 14C
ages may be calibrated, or alternately, for exploring other methods of accurately aging shell
carbonates like these. The independently calibrated ∆R history (Table 2.2) presented here
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serves as a good first step in the approximation of a complete time history of the marine
radiocarbon reservoir effect and its expression in the dynamic and sensitive coastal regions
where rapid change (Shearman and Lentz, 2010) has already been observed.
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3. Construction and interpretation of a recent shell-derived oxygen isotope
record in the western Gulf of Maine
3.1 ABSTRACT
Temperature dependent fractionation between δ18O(shell) and δ
18O(water) is often used to
reconstruct past temperatures using marine biogenic carbonates. Here, a record of shell-derived
δ18O is constructed using annual increments in Arctica islandica shells collected at Seguin Is-
land in the western interior Gulf of Maine (43o 44’ N; 69o 44’ 5” W). Results show a persistent
increase in shell δ18O between 1920 and 1980 followed by a sharp reversal of that trend in the
most recent decades. The shell 18O/16O ratio is directly proportional to the isotopic compo-
sition of water (related to salinity) and inversely proportional to temperature, meaning that
the reversal in the 1980s could be caused by a temperature increase or a shift towards fresher,
more 18O-depleted source waters. Using three previously published salinity-δ18O mixing lines,
these findings are compared with instrumental records and interpreted in the context of both
local and regional oceanography. The connection between instrumental records of hydrography
in the GOM and the results of this study suggests the potential for this record to provide valu-
able information about the complex oceanographic system in the Gulf of Maine, particularly
in the spring months. Results suggest that shell chemistry records general temperature and
hydrography but may require salinity monitoring or additional proxies to better constrain the




The productive, nutrient-rich coastal ecosystem in the Gulf of Maine (GOM), combined
with its location between two large-scale circulation systems, has inspired a diverse body of
research, providing instrumental records of biological indices as well as oceanographic data
(Pershing et al., 2001; Fairbanks, 1982; Pettigrew et al., 2005; Houghton and Fairbanks, 2001).
Located just above the Mid Atlantic Bight on the eastern seaboard of the United States, the
GOM’s position roughly coincides with the boundary between two large circulation systems, the
Gulf Stream and the Labrador Current, and provides a unique opportunity for the observation
of marine climate dynamics at local and large scales (Bigelow, 1927; Pettigrew et al., 2005).
The availability and quality of instrumental oceanographic and climate datasets is exceptional
in the GOM, but even the most expansive historical records lack the coverage to make state-
ments about climate change beyond interannual or decade scale variability (Overpeck et al.,
1997; Mann et al., 1999). Reconstructing fine-scale patterns in past climate variability at ultra
fine temporal resolution has historically been a problem for the extratropical marine environ-
ment because rapidly growing tropical coral reefs are absent in the mid-high latitude regions
(Weidman et al., 1994; Scho¨ne, 2003). Reconstructions of temperature and broad scale hy-
drographic variability can help constrain the natural magnitude of climate variability typical
of this productive and sensitive continental margin (Drinkwater, 2004). To create an oxygen
isotope time history, we take advantage of a population of long lived bivalve mollusks in the
GOM. The record constructed here is compared with instrumental records in the northwestern
North Atlantic. Factors that complicate this reconstruction include the variable source signal
and wide range of published equations for the seawater δ18O - salinity relationship in the GOM,
and the success of a δ18O reconstruction hinges on the way these factors are accounted for.
Though it appears quite accessible, deepwater communication between the Gulf of Maine
and the larger North Atlantic is greatly limited by shallow underwater banks–Georges Bank to
the southwest and Browns Bank to the northeast, which effectively create a bottleneck, limit-
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ing deep inflow of slope water to two channels (Bigelow, 1927; Chapman and Beardsley, 1989;
Wanamaker et al., 2008). Transfer of water in and out is nonetheless quite efficient: waters in
the GOM have an estimated flushing time of one year, based on the average volumetric flow
rate calculated by Smith (2001) of 5.63 x 105m3 s−1. Previous studies in and around the GOM
have identified a large number of relevant water masses (Chapman et al., 1986). For clarity,
some of these systems and their physical and chemical characteristics are provided with the lit-
erary source in table 3.1. In describing the important contributions to the Mid Atlantic Bight,
a universal classifying scheme has not been adopted, but this paper will refer to constituent
water masses as they appear in table 3.1.
Figure 3.1 Schematic of major surface currents in the Western North Atlantic [after Weidman
et al. (1994)] is shown. Samples used in this study originated from the location
marked with the red dot in the Gulf of Maine (GOM).
The oceanographic properties of Georges Bank and the interior GOM are controlled by lat-
eral advection of SSW and LSW, Maine river water, and the surface evaporation-precipitation
(E-P) fluxes of heat and salt (Bigelow, 1927; Smith, 2001). Slope water generally enters the
51
GOM through the Northeast Channel (NEC) after arriving as part of a coastal current that
originates along the southern coast of Greenland and extends over 5,000km southward along
the Mid Atlantic Bight (Chapman et al., 1986; Chapman and Beardsley, 1989; Mountain, 1991;
Wanamaker et al., 2008). The contribution of slope water to the GOM is minor in terms of
volume, but its Labrador signature is not lost by the time it reaches the GOM and as a result,
oceanographic variability in the Mid Atlantic Bight has repeatedly been attributed to the state
of the Labrador Current (LC)(Smith, 2001; Petrie and Drinkwater, 1993; Chapman et al., 1986;
Wanamaker et al., 2008).
From observations of instrumental data in the region during the notably cold 1960s, Smith
(2001) suggested that variable mixing ratios between Labrador Slope Water (LSW) and Warm
Slope Water (WSW), rather than a change in the freshwater end member altogether, was the
factor responsible for the variability in GOM hydrography. Relative to slope water, Scotian
shelf water (SSW) is warmer, fresher and more buoyant (Houghton and Fairbanks, 2001). SSW
enters the GOM by flowing over the shallow banks that define the NEC (Smith, 2001) at an
average annual transport flux of 140 x 103 m3 s−1 (Smith, 1983). Additional SSW, in a mixture
with WSW enters the GOM at intermediate depths through the NEC (Smith, 2001). In the
Georges Bank / GOM region, the SSW-WSW mixture is about three times more abundant
than LSW (Chapman et al., 1986).
Changes in freshwater sources can significantly alter the oxygen isotopic signature of the
GOM (Bigelow, 1927). The percent contribution of a single source to the freshwater budget of
the region can be expressed by volume or relative to a reference salinity of 34.8. Using a refer-
ence salinity is a more accurate way to describe the impact of a given source to the freshwater
budget. Relative to S= 34.8, the mean annual freshwater flux into the GOM was estimated
by Loder and Petrie (1998) for freshwater entering via the NEC and the GOM drainage basin
together at 16 x 103 m3s−1, with Maine river water contribution representing 3 x 103m3s−1,
or approximately 18% of the GOM freshwater budget (Smith, 2001). Because changes in the
salinity - δ18Ow relationship commonly occur on 1-3 year timescales for the Georges Bank and
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GOM region, however, Maine river water contribution to GOM freshwater is widely variable:
relative to 34.8, Maine river water’s impact on the GOM freshwater budget in the 1990s alone
spanned contributions between 5% and 75% on the Georges Bank and GOM region (Smith,
2001). This wide range is due in part to changes in precipitation, river flow and discharge, but
also incorporates variability in the strength of NEC inflow currents responsible for the addition
of freshwater component from distant sources to the GOM.
The persistent signature of the Labrador-derived water masses in the GOM brings a con-
centrated source of nutrients that increase the primary production responsible for this region’s
diverse, species-rich ecosystem (Pershing et al., 2001) and provides a well-monitored population
of archive material.
3.2.2 Arctica islandica
Arctica islandica (A. islandica) is a commercially important bivalve mollusk species found
in the boreal shelf seas of the Atlantic Ocean. With a wide geographical distribution (Thomp-
son et al., 1980; Dahlgren et al., 2000), extremely long average lifespan (Thompson et al.,
1980; Weidman et al., 1994; Wanamaker Jr. et al., 2008), and annually-banded growth pattern
(Thompson et al., 1980), this quahog is an ideal candidate for geochemical reconstructions
of marine climate. Despite A. islandica’s longevity, the mollusk continues accrete new shell
material throughout its lifespan (Jones, 1980), generating a structural record of ontogeny–
one that commonly exceeds 100 years–as a series of growth increments preserved in the hinge
plate and the ventral margin. Weidman et al. (1994) showed that this species appears to
precipitate aragonite shell material in oxygen isotopic equilibrium with the ambient seawater,
providing a reliable method for reconstruction of seawater conditions using A. islandica. This
high-resolution, long term growth record is a valuable asset in a variety of disciplines: in pa-
leobiology, shell growth records contain information about morphology, species distribution,
and population dynamics; in climate science, where archives with high temporal resolution are






































































































































































































































































































































































































































































































range of geochemical applications (Marchitto et al., 2000).
3.2.2.1 Periodic growth increments
The annual periodicity in A. islandica’s growth increments was first tested by Thompson
et al. (1980), using internal banding to validate the technique of using growth bands to age
an individual. Jones (1980) confirmed these findings, and further classified the annual growth
increment in terms of two distinct sub increments. Jones (1980) described the annual incre-
ment of Arctica islandica as a pair of visually distinct structures, termed GI I and GI II. In
hand sample shell blocks like that pictured in figure 3.2, GI I are identifiable as thin, dark
increments with consistent width throughout ontogeny, and GI II are more reflective, typically
wider, more variable in width, and grow progressively thinner with ontogeny (Jones, 1980).
GI I forms in the late fall and early winter seasons, while GI II forms in the early spring and
early summer seasons. This subannual heterogeneity is an important consideration for studies
using A. islandica as a geochemical archive, because improper identification of a GI I - GI II
pair as two increments could cause larger seasonal fluctuations to be interpreted as interannual
variability. Changing increment widths from year to year in A. islandica occur as a result of
changing environmental conditions like temperature and nutrient availability (Scho¨ne et al.,
2003). Strong correlations between the growth pattern in this bivalve and records of the North
Atlantic Oscillation index, SST and bottom water temperatures (BWT), and changes in fresh-
water input have confirmed the potential of this bivalve as a paleoindicator of hydrographic
conditions in the extratropical marine environment (Scho¨ne et al., 2003; Weidman et al., 1994;
Butler et al., 2010).
Conflicting opinions exist about whether this mollusk’s accretionary growth continues through-
out the year, or if growth cycles include a 7-10 month growing season with a period of stagnation
(Weidman and Jones, 1993; Weidman et al., 1994; Scho¨ne et al., 2003; Marchitto et al., 2000).
These opinions come from studies using Arctica islandica collected from a wide latitudinal range
(41-54oN). The lack of consensus on a growing season suggests that a population-independent
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one does not exist, and the widely variable environmental conditions are likely causes for the ap-
parent variability in the seasonality recorded between regions (Butler et al., 2010). Wanamaker
et al. (2008) evaluated this potential seasonal bias by correlating a shell-derived geochemical
record against seasonal as well as annual temperature trends for a location in the Western Gulf
of Maine. The strongest correlations existed between shell-derived temperature predictions and
annual instrumental temperatures, leading the authors to conclude that shell growth in this
population occurs throughout the year, though may involve periods of slow growth.
Figure 3.2 Annual increments from a shell used in this study are preserved in the ventral mar-
gin. The (typically) wider, more reflective (in hand sample) and variable-width
increments are the GI II bands which form in the spring/summer months. The
consistently thin bands that separate adjacent GI I increments are the higher-den-
sity GI II sub increments which form in the colder seasons. This heterogeneity is
evident in the growth band’s oxygen isotopic composition as a more 18O-enriched
GI I band and a more 18O-depleted GI II band.
Annual and sub-annual increments were consistently observed in the shells used in this
study. Figure 3.2 shows a portion of the growth record in an organism with prominent internal
growth increments. Finer-scale sub-annual growth structures have been observed at very high
magnifications in A. islandica and interpreted as daily records from which Scho¨ne et al. (2004)
hypothesized a 7-9 month growing season in an A. islandica population from the North Sea.
56
3.2.2.2 A geochemical proxy archive
For high-resolution geochemical records of oceanic variability, earlier studies were limited
to equatorial ocean basins, where tropical corals with easily visible annual growth increments
provided substantial material for the generation of seasonal to annual isotopic time series (Wei-
dman et al., 1994; Druffel, 1989). The availability, rapid growth, and longevity of tropical
corals in the lower latitudes inspired numerous high-quality marine isotopic reconstructions
(Beck et al., 1992; Druffel and Griffin, 1993; Shen et al., 1992; Min et al., 1995; Mitsuguchi
et al., 1996; Hendy et al., 1992; Schrag, 1999; Gagan et al., 2000; Quinn and Sampson, 2002;
McCulloch et al., 2003; Fleitmann et al., 2007), while simultaneously creating a disparity be-
tween the tropical and extratropical representation in the the overall scientific record (Jones
et al., 2009). By resolving the periodicity in its growth record, Thompson et al. (1980) identified
Arctica islandica as a suitable proxy archive for reducing that disparity, and the development
by Dettman and Lohmann (1994) of microsampling techniques with the ability to sample the
fine accretionary growth structures established the feasibility of doing so (Weidman and Jones,
1993; Weidman et al., 1994).
3.2.3 Oxygen isotopes as a thermometer
Urey (1947) was first to suggest that that the temperature dependence of oxygen isotope
fractionation in the carbonate - water - CO2 system could provide a method for the determina-
tion of paleotemperatures. In the removal of CaCO3 from seawater, as in the formation of shell
material by many marine organisms, temperature dictates the degree to which the heavier oxy-
gen isotope (18O) is preferentially accumulated in CaCO3. The (
18O) / (16O) ratio preserved in
ancient shell material then, may be used to determine the temperature of the ocean at the time
the carbonate formed (Emiliani, 1966; Epstein et al., 1953). Today, more than six decades after
the idea of an oxygen isotope paleothermometer was proposed, stable oxygen isotopes in marine
biogenic carbonates have provided the largest contribution to scientific research regarding the
estimation of marine paleotemperatures (McConnell et al., 2009; Urey, 1947; Emiliani, 1966;
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Jones et al., 2009).
Taking advantage of this temperature dependent fractionation requires a quantitative de-
scription of the relationship between temperature and the magnitude of fractionation in the
CaCO3-water system. This description was provided by Epstein et al. (1953), who con-
ducted a calibration experiment using both wild-caught and lab-cultured mollusk shells. The
(18O)/(16O) ratios of mollusk shells (black abalone, snails, oysters) from a wide range of tem-
peratures (7.4 - 20oC) were measured and compared with seawater composition, generating
empirical data that was used to construct a calcite-seawater fractionation equation1:
T (oC) = 15.75− 4.3(δ18Oc−PDB − δ18Ow−SMOW ) + 0.14(δ18Oc−PDB − δ18Ow−SMOW )2 (3.1)
In equation 3.1, t is the temperature in oC, and (δ18Oc−PDB − δ18Ow−SMOW ) is the permil
difference between the oxygen isotopic composition of biogenic calcite and water. The intercept,
16.5, is characteristic of the standard and the assignment of a δ18Owater value. Here, δ values
are reported in per mil (h). Many biogenic carbonates such as mollusks and warm water
corals form their shells from aragonite, a CaCO3 polymorph that, because of small differences
in crystal structure, has a higher enrichment factor for oxygen isotopic fractionation with
water (Tarutani et al., 1969). Because Epstein’s equation is specific to calcite, an analagous
calibration for water-aragonite fractionation was necessary. This was provided by Grossman and
Ku (1986) who used aragonite shells from foraminifera, gastropods, and scaphopods to provide
an empirical determination of the temperature dependence of aragonite. Their mollusk-specific
equation, in its original form:
T (oC) = 21.8− 4.69(δ18Oar − δ18Ow). (3.2)
This equation serves as the basis for reconstructions of temperature from biogenic aragonite
mollusks. However, its estimate of δ18Oar is expressed relative to a different scale than the one
1A rewritten form of Epstein’s fractionation equation is displayed above. The original version, T (oC) =
16.9−4.2(δc−δw)+0.13(δc−δw)2. presents values of δ18Ocomgand δ18Ow relative to a single working standard,
a practice typically forgone now in favor of normalizing δ18Oc to the PDB scale and δ
18Ow measurements to the
SMOW scale
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used today, so the equation requires a corrective adjustment of -0.27h to that value. This
adjustment is easily applied: rewriting the equation in terms of δ18Oar,
δ18Oar = 4.64− 0.213× T + δ18Ow (3.3)
and subtracting 0.27h from this value yields a corrected relationship that can be used on the
current PDB scale for carbonates.
δ18Oar = 4.44− 0.213× T + δ18Ow (3.4)
Writing this function once again in terms of temperature:
T (oC) = 20.85− 4.69(δ18Oar − δ18Ow). (3.5)
A fundamental concept in oxygen isotope paleothermometry is the fact that the temperature-
dependent quantity in this relationship is the amount of isotopic fractionation between the two
reagents (in this case, between shell and water). The oxygen isotopic composition (δ18O) of
the carbonate - the quantity most often measured in the laboratory - is not the same thing.
In this study equation 3.7 will be revisited as the results from this study are interpreted in
the context of potential temperature changes in the GOM. From this point, measurements of
the oxygen isotopic composition of shell calcium carbonate (noted by Grossman and Ku (1986)
as δ18Oar) will be given by δ
18Oc, where c stands for carbonate, which unless otherwise noted,
is in the form of aragonite. Similarly, the oxygen isotopic composition of a water mass will be
noted δ18Ow if differentiation between shell carbonate and water terms is necessary. Standard
delta notation will be used, where oxygen isotopic composition will be reported as the relative





where R is the ratio of the abundance of the heavy to the light isotope, in this case the
ratio (18O)/(16O), x is the sample of interest, and std is the standard of known composition.
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δ (delta) values are reported in per mil (h), or parts per thousand. Values for δ18Oc are
corrected relative to the Pee Dee Belemnite (PDB) scale, and δ18Ow are corrected to standard
mean ocean water, or SMOW.
3.2.4 Oxygen isotopes as a tracer
The carbonate paleotemperature equation with oxygen isotopes involves three variables
(seawater temperature, δ18OCaCO3 and δ
18Ow), two of which must be resolved. When solving
for temperature, the δ18Ow is rarely known, so it is approximated using historical instrumental
records of salinity and a δ18Ow - S mixing line. The salinity and δ
18O of seawater are conser-
vative properties: in the absence of interaction with the atmospheric reservoir, the δ18O and
S signatures of a water mass can only be altered by advective or vertical mixing with another
water mass with a different δ18O - S signature (Fairbanks, 1982; Craig, 1961). The relation-
ship between these parameters varies significantly from region to region, and the advective
and vertical mixing processes that affect the isotopic composition of water similarly impact
salinity. These characteristics make it possible to identify the geographic origin of continen-
tal shelf water using the δ18Ow-salinity relationship (or, “δ
18Ow-salinity mixing line”), and to
convert historical instrumental records of salinity into an approximation for δ18Ow, resolving
one of the three variables in the oxygen carbonate paleotemperature equation (Fairbanks, 1982).
The mixing line’s y-intercept is equal to the δ18O of the freshwater endmember: δ18OS=0.
This quantity is variable: a strong latitudinal gradient in the value of δ18O for meteoric water
exists along the Atlantic seaboard, such that the H2
18O / H2
16O ratio decreases with increasing
latitude. At high latitudes, where temperatures are lower, meteoric water is relatively H2
18O
(mass 20) - depleted. This is because as condensation temperatures decrease, fractional dis-
tillation increases, and the “heavier” molecule will be preferentially removed from the system
(Fairbanks et al., 2005; Houghton and Fairbanks, 2001; Yashayaev and Clarke, 2008). In a
mixing line, this would translate to lower values for the y-intercept and a steeper slope. This
geographic variability of δ18O signatures of freshwater sources is the reason δ18Ow can be used
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to identify the freshwater source of a water mass. Aside from the latitudinal gradient, an addi-
tional factor that contributes to geographical variation in mixing line parameters is the balance
between evaporation and precipitation (E-P). Outside areas with excessive evaporation (Fair-
banks, 1982), the E-P balance typically is not strong enough to significantly alter trends in the
δ18O - S signature, and interpretation of a δ18O w source value in terms of its latitudinal origin
is acceptable. Construction of a mixing line is straightforward, and simply involves a regres-
sion of δ18Ow and salinity values measured across the distribution of a regional environment.
Doing so accurately, however, requires a solid understanding of the local and distant freshwater
sources, circulation patterns, and hydrographic variability that define the unique signature of
a region.
Oxygen isotope geochemistry has a tremendous power to reveal small and large-scale climate
trends through the hydrologic cycle (Weidman et al., 1994; Shackleton et al., 1983; Fairbanks,
1982). In this study we will provide a reconstruction of δ18O to attempt to identify the factors
responsible for hydrographic variability in the GOM, as well as to provide insight about the
potential seasonal bias in the growing season of this population of A. islandica.
3.3 METHODS
3.3.1 Sample collection and preparation
Two sampling trips were made in consecutive summers to a point off Seguin Island in the
western interior Gulf of Maine. A commercial fishing boat (F.V. Nothin’ Serious) was con-
tracted on June 23, 2010. From starting coordinates 43o44’N;69o44’5”W, several passes were
made with a standard steel towing dredge, yielding approximately 250 live-caught individuals
and 200 dead-collected shell halves from a depth of ∼20 fathoms (36.58 m). Quahogs were
taken directly to the Darling Marine Center in Walpole, Maine where live-caught samples were
harvested, shell valves were retained, cleaned and shipped back to Iowa State University in
Ames, Iowa.
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A. islandica valves were measured, weighed, and catalogged upon return to Iowa State.
Rounded shell edges were trimmed from either side of the shell leaving three pieces with a ∼4
cm-thick strip centered along the axis of maximum shell growth. The center piece was then
mounted in Buehler Epoxicurer resin and hardener and, once embedded, sectioned longitu-
dinally along the axis of maximum growth using a slow-cut isomet saw. Preparation followed
descriptions provided in Scourse et al. (2006) and Butler et al. (2009). The resultant mirrored
pair of blocks were polished on a twin platen Buehler MetaServer 250 grinder-polisher system
in a five-step sequence of increasing grit: 120, 400, 600, 800, and finally a 1200 grit finish. One
half was used to prepare an acetate peel, from which individual age and growth history were
inferred through crossdating and measuring growth increments. The other half blocks were
reserved for microsampling.
3.3.2 Microsampling
The shell section reserved for sampling was photographed with a 2MP Ueye USB camera
and a Nikon SMZ1500 scope to create a shell panorama (see page 62) for record while sam-
pling the aragonite shell material. A New Waver MicroMill was used to sample along the
shell ventral margin. According to the microsampling techniques developed by Dettman and
Lohmann (1994), parallel paths were milled inside each band using a carbide milling bit with
a diameter of 80µm. Powdered carbonate material was collected using a narrow tipped scalpel
and measured into 40mL glass Exetainer vials. Average sample size for isotopic analysis was
300 µg of powdered shell carbonate.
3.3.3 Stable isotope analysis
Oxygen and carbon isotopic composition of shell carbonates were performed by a Ther-
moFinnigan Delta Plus XL continuous flow isotope ratio mass spectrometer (IRMS) at Iowa
State University. Sample vials were roasted overnight in a muﬄe furnace at 40oC to remove
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Figure 3.3 Sample preparation: The maximum of maximum growth is identified on the intact
shell valve in the Top Left. The The cross-sectional view along the transect and
polished is shown in the center of the figure. At the top right are enlarged segments
of the umbo and the ventral margin. In the bottom figure are screenshots from
the micro sampling stage. of the Micromill (milling bit: 80µm diameter).
any moisture. Upon removal, vials were capped and flush-filled with pure helium reference gas.
A 100µL aliquot of 95% phosphoric acid was delivered to each vial by hand via a gas-tight
syringe, and an 18-hour equilibration period was observed before analysis. Samples were in-
troduced to the source by a GasBench outfitted with a CombiPal Autosampler. Sample runs
contained between 19 and 30 samples, four blanks, and at least three splits each of three refer-
ence standards (nine total), NBS-18, NBS-19, and LSVEC. Here we use the standard notation





Repeated measures of these reference standards yielded an analytical precision for this ma-
chine of ± 0.1h for δ13C and ± 0.1h for δ18O analysis. Duplicate sample splits were analyzed
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whenever sufficient material was available.
3.3.4 Instrumental records
Figure 3.4 Monthly (A,B) and yearly (C,D) instrumental temperature and salinity records
from Boothbay Harbor (shown in red) and Prince 5 station (shown in purple).
Monthly charts (left panel) only include data from the period 1989-1997, when a
salinity record for BBH was maintained. Annual charts (right panel) include all
available year-averaged data for the two stations. These charts show a greater
amount of hydrographic variability at Boothbay Harbor as compared to Prince 5.
3.3.4.1 Boothbay Harbor (BBH)
The Maine Department of Marine Resources maintains a record of coastal environmental
data at the fisheries department laboratory in west BBH (43o50’40” N; 69o38’30”W). With
a time history of SST extending back to March 1905, the BBH record is one of the longest
continuous ocean temperature time series on the United States Atlantic seaboard. The results
of this study were compared with both the SST and BWT time histories recorded at BBH.
Monthly BWT records at BBH reach only back to 1989 (Shearman and Lentz, 2010). Both
instrumental records were generated using sensors at a fixed height in the water column relative
to mean low water. SST sensors are located at -5.5 ft.(-1.68 m) relative to mean low water,
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and the BWT record was measured at -25 ft.(-7.62 m) relative to mean low water. The salinity
record at BBH spans a shorter time interval: monthly salinity values, shown in figure 3.4 are
available from 1987-1997.
Freshwater input to BBH is minimal, consisting of a few small streams which flow directly
into the harbor. The nearby Damariscotta and Sheepscot rivers are significant freshwater con-
tributors to the GOM, but both narrowly avoid the secluded cove occupied by BBH, with
the Damariscotta arriving to the northeast and the Sheepscot to the southwest, as shown in
figure 3.5 (Fairbanks, 1982). Neither of these freshwater inputs are capable of significantly influ-
encing the BBH temperature signal: sensors for the BBH record are located in a sheltered cove
within the harbor, in close proximity to the laboratory pier. This study site is not surrounded
within a cove, so a greater riverine input signal could potentially be measured by this sample
group than the measurements in the interior of BBH. However at a nearby sampling site in the
Western GOM, Wanamaker et al. (2008) found a strong inverse relationship (r2=0.62) between
measured δ18Oc and BBH annual SST trends throughout the instrumental record (1905-2003).
3.3.4.2 Prince 5 Station
The Prince 5 monitoring site (44o 56’N; 66o, 51’W) is operated by the St Andrews Bio-
logical Station in New Brunswick and maintains Canadas oldest oceanographic record, with
monthly measurements of temperature and salinity dating back to 1921. A wide range of en-
vironmental and biological data is collected on a monthly or biweekly basis from Prince 5, and
the oceanographic time histories generated there have been crucial components of oceanogra-
phy studies in the North Atlantic (Petrie and Drinkwater, 1993; Drinkwater, 2004; Wanamaker
et al., 2008). The time history of salinity from 1932-2011 is shown in figure 3.4. Figure 3.6
shows the seasonal evolution of water column temperature and salinity at this location. The
water column is isothermal from approximately November to April. Stratification occurs in
the late summer months, when surface waters reach maximum temperatures (∼16oC). BWT
peaks during or after the fall overturn. The salinity-depth gradient is steepest during late
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Figure 3.5 Sample collection site off Seguin Island (43o 44’N;69o, 44’5”W) in the western
interior GOM is identified by a blue dot. Prince 5 monitoring station, St. Andrews,
New Brunswick and BBH monitoring station, two primary sources of instrumental
T S records with which we compared our results, are shown as a purple and red
dot, respectively
spring and early summer months, and late fall and early winter months. Figure 3.4 shows
recent trends in seasonal salinity at Prince 5 (2000-2011). Salinity follows a similar pattern
each year, but figure shows a relatively large interannual variability in the magnitude of salinity.
3.4 RESULTS
3.4.1 δ18Oc time series
Results from stable isotope analyses are presented in table B.1 as measured δ18O values and
temperature estimates for the 1864-2011 time period, excluding years from 1894-1921. From
these data, a large range in interannual δ18Oc variability which occasionally exceeds 1h is
apparent. Figure 3.7 shows a graphical representation of these data. In general, the stable
isotope time history appears to have a linear trend beginning around 1920. The unidirectional
trend could represent a cooling of GOM BWT, or a relative increase in the salinity of the water
mass through time. This is the first indication that a strong mixed signal is evident in these
samples, for which the addition of a salinity-specific proxy , or instrumental salinity calibration
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Figure 3.6 Hydrographs of the seasonal temperature and salinity pattern of the water column
at Prince 5 monitoring station, showing average conditions from 1971-2000. Based
on data from the Government of Canada’s Atlantic Zone Monitoring Program.
period, may help disentangle.
To acknowledge the mixed signal effect with these data, the two possible end member sce-
narios are presented in figure 3.8, where the variability in δ18Oc is attributed completely to
changing salinity (top panel) or changing temperature (bottom panel). The lower panel was
generated by forcing a constant salinity value of 32.1. This is the long-term salinity average
at 50m depth from Prince 5 monitoring station–it has been used in previous work with the
shell record in the interior GOM (Wanamaker et al., 2008). The Fairbanks (1982) δ18Ow -
S mixing line equation (see page 71) is used to convert the salinity value into a constant ap-
proximation for δ18Ow of -1.1459h. Using this estimate for salinity and water composition
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creates a single-variable equation that can be solved using the measured δ18Oc value from this
study (Wanamaker et al., 2008). Forcing a constant salinity value requires a major temperature
decrease (nearly 5◦C) in less than a century, according to the shell record and the parameters
invoked in this exercise.
The top panel of this figure shows the opposite scenario. By forcing a constant temperature
over this time period in the GOM, we may observe the magnitude of salinity variability that
would be required to explain the variability in our measurements. Here the long term annual
temperature average at Prince 5 monitoring station (6.77◦C) was used in the modified Gross-
man and Ku (1986) equation (see page 62) to provide a single value for the difference in water
and shell isotopic compositions. Again, the predicted value shown in this figure is obtained by
solving a single variable equation with the measured δ18Ow value. Here a large salinity increase
(∼1.5) would be required to explain the variability in these data.
Assessment of the end member possibilities caused by the mixed-signal effect is important
in studies using oxygen isotopes to reconstruct specific hydrographic variables. In this case,
the effect of changing source water masses is difficult to observe from stable oxygen isotopes
alone: the Gulf Stream and Labrador Current are opposing forces in this region, and there is
a strong likelihood that changes in the oxygen isotope record here may be attributed to shifts
in the dominant system over time. The Gulf Stream is a higher temperature system, so based
on temperature alone, a stronger Gulf Stream signal should decrease the δ18Ow value in the
GOM. As the contributor with higher salinity, however, the Gulf Stream could cause a trend
towards increasing δ18Ow values similar to the observations from this study between 1920 and
1980. As the colder, yet fresher contributor, the Labrador Current signature in the GOM δ18O
record could be attenuated by counteracting temperature and salinity effects.
Table 3.2 shows the results of the different mixing lines as a measure of agreement with SST
and BWT at BBH. Columns ACE (BDF) use BBH SST(BWT) records, and two columns AB,
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.7 δ18O measurements from annual shell growth increments for the time intervals
1864-1894 and 1921-2010. No constraints are placed on salinity; this is a mixed
temperature and sourcewater signal.
(1982) and Houghton and Fairbanks (2001), respectively. Blue values represent a statistically
significant relationship at the 90% confidence (α=0.10) level; boxed values are significant at the
95% confidence (α=0.05) level. *Best(worst) represents the highest(lowest) numerical value in
the corresponding column of numbers on the r2 side, and the lowest(highest) numerical value
in the column of numbers for the p value section.
3.4.2 Solving the paleotemperature equation
The carbonate paleotemperature equation with oxygen isotopes involves three variables
(seawater temperature, δ18Oc, and δ
18Ow), two of which must be resolved. When solving for
temperature, the δ18Ow is rarely known, so it is approximated using historical instrumental
records of salinity and a δ18Ow - S mixing line. In coastal regions with multiple sources or
variable contributions of freshwater through time, constraining the δ18Ow - S mixing line is less
straightforward than in the full marine environment, where ocean chemistry is more stable.
The Gulf of Maine has local and high-latitude sources of freshwater, and considerable variabil-
ity in the river water contribution from one year to another (Houghton and Fairbanks, 2001;
Fairbanks, 1982). As part of a larger coastal oceanographic system involving the NEC, Georges
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Figure 3.8 δ18O measurements from annual shell growth increments for the time intervals
1864-1894 and 1921-2010, Using a fixed value for δ18Ow of -1.203 corresponding to
the long term Prince 5 salinity record of 32.1 ± 0.2.
Bank, the Scotian Shelf, and the Mid Atlantic Bight, the composition of waters in and around
the GOM have been modeled by different studies, resulting in a wide range of published mix-
ing lines describing the δ18Ow - S relationship (Chapman and Beardsley, 1989; Houghton and
Fairbanks, 2001; Fairbanks, 1982). The Wanamaker [in prep] GOM mixing line (columns A/B
in Table 3.2), has the least 18O-depleted freshwater end member, with a y-intercept indicating
a seawater δ18O(S=0) of -7.312.
δ18Ow = 0.1843 ∗ S − 7.312 (3.8)
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Regional water masses whose behavior is well approximated by this mixing line should have
the majority of their freshwater contribution from a relatively low-latitude source region, such
as Maine river water. A significantly different mixing line for the waters in the Wilkinson Basin
(42o 26’N; 69o 46’W) of the GOM (samples taken in May and August) resulted from a study
by Fairbanks (1982):
δ18Ow = 0.421 ∗ S − 14.66 (3.9)
The purpose of this study was to classify the origin of continental shelf water on the Mid
Atlantic Bight. Fairbanks (1982) presented the following mixing line for Labrador slope water:
δ18Ow = 0.628 ∗ S − 21.67 (3.10)
This is the Fairbanks (1982) equation for Scotian Shelf Water:
δ18Ow = 0.442 ∗ S − 15.55 (3.11)
Finally, this is the Fairbanks (1982) mixing line for surface water in the New York Bight:
δ18Ow = 0.258 ∗ S − 9.14 (3.12)
The New York Bight mixing line presented by Fairbanks (1982) has the most δ18O-enriched
freshwater end member, which corresponds to the input from the Hudson River. The similar-
ities between the GOM and SSW mixing lines are indicative of the well-established westward
transport of SSW into the GOM (Fairbanks, 1982).
Houghton and Fairbanks (2001) used oxygen isotope-salinity data to describe the freshwater
on Georges Bank as a combination of Labrador Shelf water, Saint Lawrence River (SLR)
discharge, and Maine River Water. Although the proportion of Maine river water on Georges
Bank produced a negligible effect on the salinity at Georges Bank (whose salinity is primarily
driven by variations in upstream shelf waters), the authors noted a considerable interannual
variation of that freshwater contribution - between 3.7 and 55% of the freshwater signal on
Georges Bank was observed relative to S=34.8 which may carry more of an impact in the
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interior coastal regions like Seguin Island. The mixing line for Georges Bank proposed by
Houghton and Fairbanks (2001) has a more 18O-depleted freshwater end member than either
the Wanamaker [in prep] or Fairbanks (1982) equations:
δ18Ow = 0.57 ∗ S − 19.5 (3.13)
Significant variability exists between the parameters of these mixing lines, to the extent that
using one to constrain the unknown δ18Ow term as part of a paleotemperature equation can
produce a measurably different temperature approximation than another. This highlights the
dynamic nature of the hydrography in the Gulf of Maine, and the ease with which an isotopic
profile may be misinterpreted due to an inaccurate or incomplete assessment of the source
signals dictating local conditions. Even armed with a freshwater mixing line that perfectly
describes the conditions at a given site, determining temperature from the δ18Oc relies on some
assumption about the consistency or variation in the salinity of a region through time. An
improper mixing line assignment can add measurable error to a temperature reconstruction,
which would be compounded by the use of that mixing line to make inferences about temporal
variability in regional salinity. To evaluate the success of one GOM region freshwater mixing
line versus another in terms of describing these results, three of the salinity-δ18Ow mixing lines
above Weidman and Jones (1993); Grossman and Ku (1986); Wanamaker et al. (2008) were
used in conjunction with T-S data from BBH (see figure 3.4) and the modified Grossman and
Ku equation (3.2):
T (oC) = 20.85− 4.69(δ18Oc − δ18Ow) (3.14)
to generate six recent time histories of predicted δ18Oc. Because the seasonal bias (if one
exists) of yearly growth in the A. islandica populations seems to vary based on location, and
because the BBH instrumental records provided TS values on daily intervals, predictions are
calculated separately for individual months, 3-month seasons, and annual records. Figure
3.2 displays r2 and p-values showing the agreement between measured and predicted δ18Oc.
The same instrumental record of salinity (BBH, 1989-1997, see figure 3.4) was used in each
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column. For each time period of interest (rows in the table), three mixing line equations were
solved using salinity measurements from BBH (1989-1977), generating three predicted values
for δ18Ow. Each predicted δ
18Ow value was used twice in the paleotemperature equation
(3.14), once alongside the SST value, and once with the BWT value (both records: BBH).
Between-month (rows) variability in the r2 and p-values may represent a seasonal growing
bias in this population, while inter-column variability should show differences in the mixing
lines’ ability to predict the isotopic composition of the water from which these mollusks grew.
Unfortunately in this comparison, the BWT and salinity records at BBH are the limiting factors
for reconstruction. Both records began in 1989 and the salinity record stopped in 1997, so p-
values suffer from the few degrees of freedom caused by gaps in the monthly T and S records
in some time periods with otherwise promising r2 values.
Figure 3.9 Here the coherence of predicted and measured isotopic composition between tem-
perature records is assessed. The median r2 (top panel) and p values (bottom
panel) for the three mixing lines are shown for both the SST and BWT. The red
line on the p value panel symbolizes the 95% confidence level: if the entire bar
fits underneath the line, then the relationship between shell record and SST or
BWT-reconstructed values is significant.
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3.5 DISCUSSION
Regardless of the mixing line used, relationships between shell measured values and tem-
perature predictions in April stand out as significant at the 95% confidence level. Surface
water temperatures in the interior GOM reach their minimum values during March (Smith,
2001). The success of the April values with reconstruction could indicate that vertical mixing
in the winter brings nutrients to the Seguin Island population of A. islandica, influencing strong
growth during the early spring months. Figure 3.9 shows the success of SST and BWT records
on a monthly basis for the median value of the three mixing lines to observe a seasonality
signal captured by all three lines. Generally, it appears that BWT records (represented in the
table as columns B, D, F) exhibit a closer match with observed data, which would be expected
because of the clam’s position on the sea floor. Periods where the BWT and SST curves seem
to coincide with the seasonal stratification and overturning patterns (Smith, 2001). The lack
of a single mixing line as an exemplary fit for these data is not surprising: with significant
interannual variability in temperature, salinity and inflow of SSW, LSW, and Maine river wa-
ter, as well as strong seasonal trends for each of these variables (Smith, 2001), the use of a
different mixing line for a different season makes sense. With a proxy archive like A. islandica,
however, where month-by-month geochemical analysis is not always practical due to the size of
the growth increments, this identifies the need for compromise in the choice of a mixing line.
Choosing a “full-marine” style mixing line for these data would likely neglect to capture a large
and variable freshwater input that these shell carbonates most definitely reflect. On the other
hand, choosing a δ18O-S mixing line that considers only Maine river water in the construction
of its low-salinity end member creates a problem when the targeted use of the reconstructed
dataset is to describe hydrographic variability for a geographical region beyond the western in-
terior GOM. In assigning a mixing line, an accurate portrayal of all possible sources is required,
but an equally important consideration is the planned use for the mixing line is complicated
by the variable performance of each mixing line, without a universal best fit for each month.
The Fairbanks (1982) mixing line appears to have the best annual r2 and p values, and its
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freshwater end member δ18O falls between the enriched values of the New York Bight and GOM
interior mixing lines, which should make reconstructions using this mixing line more relevant
to a larger region. With a limited availability of instrumental datasets from which these δ18Oc
values can be constructed, the use of any of these mixing lines could have uncertainties that
we are currently unable to quantify without an absolute salinity measure in the growing area
of this population.
The stable oxygen isotope data presented here suggest that the oxygen isotopic composition
preserved in this particular population of Arctica islandica is heavily influenced by a compli-
cated source signal. As shown in Table 3.2, correlations and significance tests between these
data and temperature yield promising results for April, and seem to be influenced by seasonal
stratification and mixing in the GOM. Variability of temperature and salinity on the seasonal
and the interannual scale is documented well by the monitoring station at BBH, but when those
values are used for the prediction of δ18Oc, results are inconsistent, which somewhat limits the
application of this record to a meaningful reconstruction of pre-instrumental records at this
time.
The western interior Gulf of Maine is more insulated from the larger North Atlantic than
Georges Bank and the NEC, where previous studies have been conducted. As a result, smaller
variations in freshwater may have a stronger impact on the GOM record than large-scale pro-
cesses like Gulf Stream or LC transport. Constraining the relationship between oxygen isotopes
and temperature in the GOM could significantly improve the results from this study. Some
ways to work towards a more coherent temperature reconstruction are outlined here.
3.5.0.1 On-site salinity monitoring
The changing source water signal in this study probably comes from variable salinity pro-
files on seasonal to interannual timescales. With a shallow study site close to the coastline, it
is plausible that small changes in freshwater input are capable of triggering a larger response
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in the oxygen isotopic composition of the waters around Seguin Island. To the same effect,
larger changes in the volume or composition of slope water entering the GOM may be required
to generate a signal in this population because of its near shore location. The best available
instrumental dataset is the 10 year BWT record at BBH, taken at a depth of 8 m. Shell samples
were collected from 36 m depth. This difference may explain the lack of significant correlation
between instrumental and isotope records during the winter months. In the shallower waters
of BBH, winter mixing likely plays a less important role in the seasonal BWT trend than at
Seguin Island, where a deeper water column may contribute to a large temperature shift in
winter months. High-quality instrumental records of local river discharge are available, but
do not exhibit significant correlations with our dataset. This may be because less is known
about the fate of nearby freshwater input once introduced to the western GOM (Petrie and
Drinkwater, 1993; Smith, 2001). Placing a relatively low cost salinity data logger at the sample
site could provide insight about seasonal salinity changes at Seguin Island and the relationship
between the freshwater contribution there to the long-running instrumental salinity records in
BBH and Prince 5. If a clear relationship exists between salinity trends at one or both of
those sites and this study site, that could be applied to reconstructions, reducing uncertainty
associated with distance or minor, consistent offsets between salinity estimates. In addition to
salinity monitoring, direct measurements of the seawater δ18O at the study site could signifi-
cantly reduce the susceptibility of this dataset to the mixed signal effect.
3.5.0.2 Combining geochemical and crossdated shell records
In this study, the simultaneous construction of a geochemical record and a crossdated master
shell chronology occasionally contributed to the misidentification of an annual growth increment
during geochemical sampling. Additionally, several shell valves used for geochemical analysis
lacked the resolution required for crossdating into the Seguin Island master shell chronology.
As a result, δ18O values obtained from these shells (between 1921 and 1953, in particular) have
a higher age uncertainty than samples that came from shells whose ages had been validated.
Using a crossdated chronology as an age model and a valuable proxy archive for environmental
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variability increases confidence in the age model and the magnitude of environmental variability
recorded in biogenic growth structures (Briffa et al., 2001).
3.6 CONCLUSIONS
From this study, a high resolution δ18O time record is presented using a crossdated mas-
ter shell chronology and multiple individuals for geochemical analysis. Results of the oxygen
isotope reconstruction suggest a significant trend of increasing δ18Oc values in the most recent
century, which could be a result of a larger high-latitude, cold water source signal or alterna-
tively a high-salinity Gulf Stream derived dominance. The relationships between recent data
and the hydrographic conditions in the GOM, particularly in the spring months is encouraging
and suggests that this A. islandica population is a valid hydrographic indicator for the coastal
regions of the North American continental shelf (Wanamaker et al., 2008; Sherwood et al., 2008).
The temperature - δ18O mixed signal effect is a resonating theme in paleoclimatology,
oceanography and stable isotope geochemistry, one that represents both a blessing and a curse.
Were it not that a strong interdependence existed between salinity and δ18Ow, identifying
regional sourcewater components and tracking large-scale oceanic transport with the use of
conservative geochemical tracers would be impossible, but using stable oxygen isotopes as a
temperature proxy would become a simple, two-variable relationship. In this particular ap-
plication, the high-resolution instrumental datasets from various sources in the the general
GOM region fail to explain the interannual and decadal scale variability observed in the chem-
istry of these shells. Because several independent and peer-reviewed references have quantified
and confirmed the equilibrium oxygen isotopic fractionation between A. islandica-precipitated
aragonite and ambient water conditions on continental shelves of the western North Atlantic
(Wanamaker et al., 2008; Butler et al., 2010; Weidman and Jones, 1993; Weidman et al., 1994;
Scho¨ne et al., 2005), we do not interpret these data as indicative of a problem with the proxy.
These emerging results emphasize the difficulty in distilling a complex, biologically-mediated,
geographically variable signal into a crisp reconstruction of a single parameter. The studies
just mentioned confirm that this can be done and that these data most certainly contain a
78
compelling record of hydrographic variability in complex coastal ecosystems. Identifying the
sources of noise, and constraining the level that each source contributes to this dataset is the
primary goal for targeting the hydrographic signal of interest.
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4. GENERAL CONCLUSIONS
In a recent reconstruction using historical sea surface temperature records from lighthouses
along the Mid Atlantic Bight, Shearman and Lentz (2010) showed that Gulf of Maine SST are
now rising 1.8-2.5 times faster than temperatures of the regional atmosphere. This is a larger
shift than that seen anywhere else on the U.S. Atlantic seaboard, but is in close agreement with
present warming trends over the Arctic and the Labrador Sea (Shearman and Lentz, 2010).
The disagreement between atmospheric and SST climate trends is a further indication that
the slope water transport by the Labrador-derived coastal current plays a major role in the
physical and chemical properties of the water masses in its path. With the Shearman and Lentz
(2010) dataset, this trend cannot be further evaluated in terms of decadal variations in global
heat content, regional patterns of salinity, and rates of sea level rise that would result from
further Arctic forcing on temperature trends in the GOM. Global circulation models describing
climate typically focus on wider resolution areas for reconstructions (2o×2o, (Shearman and
Lentz, 2010)), limiting their applicability to the coastal margins like the GOM. For this, proxy
records of past climate, particularly those capable of providing independently age records, are
needed for further high-resolution reconstruction of the connection between the GOM and the
high latitude deepwater production of the Arctic oceans that represents such a fundamental
component of the gobal ocean circulation system.
Here, the results of a dual-proxy approach to climate reconstruction in the western North
Atlantic using one stable and one radioactive tracer in the Gulf of Maine have been presented
and discussed. Construction of a proxy record in this region known to be sensitive to changes
in the Atlantic meridional overturning circulation and the (Bower et al., 2009; Wanamaker
et al., 1901) North Atlantic Deepwater Formation (Druffel, 1997; Weidman and Jones, 1993)
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has provided a record of a highly variable ∆14C history in the GOM during the past two
centuries, supporting the idea that crucial information about the relative strength and influ-
ence of two important global circulation systems (the Labrador Current and the Gulf Stream)
is stored within the decadal and centennial-scale histories of marine biogenic carbonates in
coastal-marine ecosystems such as this (Sherwood et al., 2005; Marchitto et al., 2000). In
the radiocarbon record, a strong shift occurs between 1850 and 1870 in the North Atlantic,
potentially indicating an increase in the deepwater formation, or water mass renewal rate of
the Labrador Sea. Alternately the shift could be interpreted as a steady state production of
Labrador Slope Water, but an increase in the entrainment of that slope water system by the
Deep Western Boundary Current (Sherwood et al., 2008). This would coincide with the hy-
pothesis invoking intermittent periods of dominating high latitude source signals alternating
with periods of greater Gulf Stream influence. With the continuation of this record as new
shells are crossdated into the Seguin Island Master Shell Chronology, the findings of this inves-
tigation may be expanded upon significantly.
In the stable oxygen isotope reconstruction, a potentially valuable relationship between
seasonal stratification and shell δ18O coupling with temperature and salinity derived source
signals has been recognized. Further development of a geochemical record supported by a
master shell growth chronology could help identify the main sources of variability in the GOM
hydrographic budget and further reduce uncertainty associated with the mixed signal effect.
The vulnerability of coastal ocean margins to climate change, and the damaging effect of small
temperature changes on the primary productivity of these regions (Shearman and Lentz, 2010)
highlights the need for further investigation of the complex oceanographic processes at work in
the regulation and response of coastal systems to environmental change.
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APPENDIX A. Recent 14C reservoir age variability in the Gulf of Maine:
supplemental material
A.1 Radiocarbon calculations
Table A shows the results of the fifty sample analyses sent to NOSAMS in November, 2010.
The statistical uncertainty of the age determination is the standerd error of the conventional
14C age and is given as ± one standard deviation. Conventional radiocarbon ages (CRA)
are reported without reservoir corrections or calibration to calendar years, so they must be
corrected in order to construct a ∆14C time series and a ∆R record for the Gulf of Maine. A
CRA does take into account 13C fractionation, but not differences in 14C specific activity of
reservoirs which arise from effects other than isotopic fractionation (Stuiver and Polach, 1977).
From Stuiver and Polach (1977):
The radiometric age of a sample is calculated by assuming a time-independent atmospheric
14C level in all past times. The specific activity (activity per gram C of this hypothetical
atmospheric carbon level, after normalizing to -25 h for 13C is, by definition equal to the
specific activity of the absolute international standard Aabs. For a Libby half-life of 5568 years,
and when measured in 1950, the age (t) of a sample before 1950AD is therefore given by
t = −8033lnASN (in1950)
AON (in1950
(A.1)
The actual measurements of sample and oxalic acid activities war, of course, not made in
1950. The measured ratio ASN / AON , however, does not change with time. It stays equal to
the 1950 ratio because both sample and oxalic acid lose their 14C at the same rate. Thus the
calculated age (t), given by the equation above, is a fixed number independent of the year of
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Ages (yrs) calculated in the above manner are called conventional radiocarbon ages (years
BP). This term implies:
A. The use of the 5568 year half-life (mean life 8033 years) B. The assumption of constancy
of 14C atmospheric level during the past C. The use of oxalic acid (direct or indirect) as a
standard D. Isotopic fractionation normalization of all sample activities to the base of δ13C =
-25h (relative to the 13C/12C ratio of PDB) E. The year 1950 is automatically the base year,
with ages given in years BP (i.e., pressent is AD 1950).
When comparing sample 14C activities with oxalic acid activity, an age correction may be
needed. For instance, for a tree-ring grown in year (x) and measured during year (y), the age
corrected activity is Ae
λ(y−x)
s . The age correction is based on the 5730 year half-life (λ = 1/8267
yr−1). In the first proposed use of δ14C and its associated ∆14C (Broecker and Olson, 1959),
it was also clearly stated that the comparison of sample activity should be with the activity
of an age-corrected international standard. As the actual inter calibration measurements of
wood/oxalic were made in 1958, it was the first instance suggested by Broecker and Olson
(1959) that the oxalic activity should be corrected back to AD 1958. Since then it has become
the custom to use the year 1950 as the base year for all radiocarbon measurements (Godwin,
1962). The age correction of oxalic acid standard has been made to the base year of 1950 for
the calculation of the activity of the absolute international standard (Olsson, 1970).
The Fraction Modern (Fm) value is based on the AMS output. Fraction modern is a
measure of the difference between a sample 14C/12C ratio and the ”modern” 14C/12C ratio,
where ”modern” is expressed as 95% (or 0.95 times) of the specific 14C activity in the year
AD 1950 of the standard NBS Oxalic Acid I, normalized to a fixed δ13C value of -19 h,
which corresponds to a 14C/12C ratio of 1.176 ± 0.010 x 10−12. Using a sample-specific value
for δ13CV PDB, Fm values are then normalized to -25h. This final step accounts for mass-
dependent fractionation of carbon isotopes. Sample δ13C gives an estimate for mass dependent
fractionation between 13C and 12C in the sample. The mass difference between 14C and 12C is





Where each term represents a different 14C/12C ratio: S represents sample, B is a process
blank, and M is the modern reference value.




The CRA value reported is calculated from the 13C-corrected Fm:
C.R.A. = −8033 • lnFm (A.4)
The calculation above uses the Libby half life of 5568 years. The true 14C half life is now
believed to be closer to 5370 years. CRA is expressed in radiocarbon years before present
(RCYBP), where ”present” is defined as AD 1950 (Stuiver and Braziunas, 1993).
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APPENDIX B. Construction and interpretation of a recent shell-derived
δ18O record in the western Gulf of Maine: supplemental material
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Table B.1 Stable isotopes and reconstructed temperature using the Grossman and Ku equa-
tion 3.2
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Table B.2 Stable isotopes and reconstructed temperature (continued)
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Table B.3 Stable isotopes and reconstructed temperature (continued)
